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The sudden death of Professor Webster of Clark University on the 
fifteenth of May, at Worcester, was a great shock to all who knew him. 
It is indeed astonishing that a man of such attainments should wish to 
end such a distinguiShed life when his health and mental powers were 
unimpaired. 

The members of the American Physical Society are under a very 
particular obligation to him. It was he who took the leading part in 
the founding of the Society in 1899; he succeeded Rowland and Michel- 
son as our third president during 1903 and 1904; and at our meetings 
his extemporaneous comments, penetrating, often humorous, and always 
admirably expressed, will be greatly missed now that his eloquent voice 
is silent. 

Endowed with a clear, quick mind, a remarkable memory, a gift for 
languages, self-assurance, and unusual physical vigor, and given by his 
early training a broad cultural background, he was clearly destined for 
a distinguished career. In 1885, he was graduated from Harvard with 
honor. After studying at Paris, at Stockholm, and then under Kundt 
and Helmholtz, he received a doctor’s degree from the University of 
Berlin in 1890. On his return to this country he was offered a professor- 
ship at Amherst, but decided to go to the newly founded graduate uni- 
versity where he remained until his death. The Elihu Thomson prize 
was awarded to him in 1895. He was honored with degrees by Tufts 
(1905), Hobart (1908), and Princeton (1922). The Lowell Institute, 
the University of Pennsylvania, Columbia, and the Royal Institution 
of London invited him to give series of lectures. He was elected to 
membership in many of the most distinguished scientific societies of the 
world. Few American physicists have been as widely known and 
honored. 
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His ability as an experimental physicist was. demonstrated by his 
measurement of the period of electrical oscillations by means of a drop 
chronograph, the research for which he received the Elihu Thomson 
prize; by the measurements of the intensity of sound made with the 
phonometer he developed; and by the more recent experiments dealing 


with ballistics. Yet by temperament and natural endowment, he was 
pre-eminently a scholar. He read constantly, apprehended quickly, 
remembered accurately, and as a result his information was unusually 
wide and thorough. He enjoyed teaching and lecturing, for he did 
both well; and his most valuable and permanent contributions to physics 
are undoubtedly his beautifully clear and systematic treatises on mechan- 
ics, on electricity and magnetism, and on the partial differential equa- 
tions of physics (not yet published). 

In attacking policies of which he disapproved, he was vigorous, out- 
spoken, and astonishingly guileless; but in judging individuals, he was 
always kind and generous. His students, tragically few because of his 
unfortunate isolation, always found him most sympathetic and encour- 
aging. In fact, in spite of his tendency to sarcasm in public addresses, 
he was a man of singularly open and kindly disposition. By his untimely 
death, the world has lost a great scholar, and many of us a loyal and 
warm-hearted friend.—G. S. F. 
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SHORT ELECTRIC WAVES 
By E. F. NicHots anp J. D. TEAR 


ABSTRACT 


Extension of electric wave spectrum to wave-length of 1.8 mm.—As a re- 
sult of improved apparatus and technique, the electric wave spectrum has 
recently been extended two octaves nearer to the long wave limit of the heat 
spectrum. Improved Hertzian oscillators were made with pairs of tungsten 
cylinders 0.5 to 0.2 mm in diameter and 5 to 0.2 mm long, sealed into glass. 
Increased efficiency was obtained by use of jets of compressed air for the 
auxiliary gaps and of kerosene for the main gap. As the length of oscillator 
decreases from 10 to 0.4 mm, the ratio of fundamental wave-length to oscillator 
length increases from 2.7 to 4.8, making progress increasingly difficult. To 
measure the radiation, various improved radiometer receivers were developed. 
Receiving elements either of short lengths of 1 « platinum wire or of narrow strips 
of platinum film deposited on thin mica were substituted for the usual black 
vanes. The sensitive systems were suspended by quartz fibers and weighed 
only }to1 mg. By proper choice and adjustment of the elements, the receiver 
can be made either selective or not. Ry direct test, the deflection was proved 
proportional to the incident energy. Mirrors and paraffin lenses were used in 
focussing the energy from the oscillator on the receiving element. Wave-length 
measurements were made with the aid of a Boltzmann divided mirror inter- 
ferometer, and energy-distribulion curves were obtained for various oscillators 
and receivers. To correct for the variations in the emission of the oscillator, 
readings were made, simultaneously, of the total emission with a check receiver, 
and of the radiation of a particular wave-length. On account of the high 
damping of the oscillator, the curves obtained show the predominant influence 
of the fundamental frequency of the receiver but also maxima when partials 
of the oscillator coincide with one or other of the partials of the receiver. The 
shortest fundamental wave-length obtained is 1.8 mm, two octaves shorter 
than the shortest previously measured, 7 mm. An upper partial of 0.8 mm 
was also observed. Greater homogeneity was secured by use of a reflecting 
echelon, 4 } between treads, since it reflects selectively. A simple mounting 
permitting easy adjustment is described. Two such echelons with steps at 
right angles give, under suitable conditions, a fair approximation to mono- 
chromatic radiation. By use of such echelons it should be possible to isolate 
upper partials still shorter than those so far measured. 


HERE is doubtless little need of any further experimental proof of 

the essential identity between heat waves and electric waves, yet 

for the sake of completeness, further effort to bridge the existing gap 

between these two spectra seems warranted. Moreover, the optical 

properties of many substances, of which water is a notable example, 

undergo such unusual changes in crossing this unknown region as to lend 
some theoretical importance to its further exploration. 
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An interval of more than 15 octaves separated the highest frequency 
of Hertz’s shortest electric waves from the frequency of Langley’s longest 
heat waves. By the experiments of Righi,! Lebedew,? Lampa,’? and 
Mobius ‘ on the one side and by those of Rubens with Nichols,’ Wood, 
and Von Baeyer ’ on the other, this unexplored interval had been progres- 
sively reduced to 4 or 5 octaves. 

The precise extent of the conquered territory on the electric wave side 
is less certain and definite than the outer known limits of the heat spec- 
trum. The difficulties which beset the explorer in the two fields differ 
in many details but agree in one most important respect. Further 
progress in both domains awaits the development of more sensitive and 
dependable receiving apparatus. However, the apparatus and technique 
of short electric wave experiments has been less extensively, methodically, 
and painstakingly developed than the instruments and methods employed 
in the infra-red spectrum. For this reason, if for no other, an attack 
on the problem of bringing the two spectra together seems more promising 
if made on the electric wave side. 

The experiments described in this paper were undertaken, therefore, 
in the hope that by devising better instruments and better and more 
accurate methods of experimentation with short electric waves, further - 
progress might be made in narrowing the still unexplored region between 
the two spectra and in making the results of future short electric wave 


experiments more strictly quantitative and trustworthy. 


SOURCE OF RADIATION 


A very small Hertz doublet immersed in kerosene was used as a source. 
To adapt this form of oscillator to short wave emission a number of 
departures from earlier practice were made. Instead of using small 
cylinders of platinum for the two halves of the doublet, cylinders of 
tungsten were substituted and found in use to wear away more evenly 
and less rapidly than platinum. 

For the different oscillators employed in the present experiments, 
tungsten cylinders, varying in length from several millimeters to 0.2 mm 
and in diameter from 0.5 mm to 0.2 mm, were sealed into the closed 
ends of tubes of hard glass having the same expansion coefficient as the 

1 Righi, Mem. del R. Acad. dei Sc. del Inst. di Bologna, v. 4, 1894. 

2 Lebedew, Wied. Ann. 56, 1, 1895. 

3’ Lampa, Wiener Ber. 105, 587 and 1049, 1896; 104, 1179, 1895. 

4 Mobius, Ann. der Phys. 62, 293, 1920. 

5 H. Rubens and E. F. Nichols, Phys. Rev. 4, 314, 1897; 5, 98 and 152, 1897; Ann. 
der Phys. 60, 418, 1897. 


6H. Rubens and R. W. Wood, Phil. Mag. 21, 249, 1911. 
7H. Rubens and O. Von Baeyer, Phil. Mag. 21, 689, I9IT. 
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metal. These tubes T and 7; were mounted, as shown in Fig. 1, ina 
holder A, hinged at H. The length of the spark gap between the tungsten 
cylinders c and c; was of the order of 0.01 mm and was adjustable to the 
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Fig. 1. Sketch of oscillator. 


requisite precision by the micrometer screw S. In the open ends of the 
tubes T and 7), inner tubes ¢ and ¢, were introduced carrying wires 
from the high potential circuit P. The inner ends of these wires were 
brought near the outer ends of the tungsten doublet and separated from 
them only by short spark gaps in air. Side openings in the inner tubes 
admitted a stream of compressed air which served a threefold purpose. 
It more quickly de-ionized the air gaps after each discharge; it cooled 
the tungsten glass seals; and by a slight excess of pressure, it prevented 
kerosene from leaking into the air gaps through any imperfections in the 
tungsten glass seals. 

The doublet was mounted at the center of curvature of a concave 
spherical mirror in a cylindrical brass case containing kerosene (see 
Fig. 2). The radiation issued through a circular mica-covered window, 
4 cm in diameter, in the front of the oscillator box, and was formed into 
a parallel beam by a double convex paraffin lens. 

As the intensity of radiation from the oscillator depends on the effective 
frequency of excitation which in turn is limited by the time required to 
restore the oil insulation in the main spark gap after each discharge, two 
methods were tried*for shortening this period. 
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First, a kerosene jet from a centrifugal pump driven by an air turbine 
was directed toward the spark gap to hasten the clearing away of gas 
bubbles formed by the spark. The jet nozzle is indicated in Fig. 1, and 
the air turbine is seen at the left on top of the oscillator box in Fig. 2. 
Although with the jet in operation it is possible to increase the effective 
frequency of discharge by about fifty per cent, recourse to it has proved 
necessary only when the smallest oscillators were used. 





Fig. 2. Photo of oscillator. 


Second, the kerosene in the oscillator case was put under pressure 
varying from 0.1 to 4 atmospheres. Intensity of radiation increased 
rapidly with pressure from 0.1 to I atmosphere and from there on more 
slowly, reaching a maximum at about 3 atmospheres, at which pressure 
an increase in intensity of about fifty per cent over that at one atmosphere 
was observed. The maximum at 3 atmospheres is probably an individual 
characteristic of the apparatus used, for beyond this pressure the available 
potential proved insufficient to break down the kerosene insulation at 
the spark gap for every excitation of the coil, hence the action became 

- somewhat irregular. Although increased pressure thus gives a second 
means of increasing radiant intensity, the oscillator, for greater con- 
venience, has ordinarily been operated at atmospheric pressure. 

In addition to the oscillator, the high potential circuit included the 
secondary of an induction coil giving 30,000 volts, a water resistance, a 
spark gap, and a condenser, all in series. The primary circuit of the 
induction coil included a rotating mechanical make-and-break from which 
any frequency of interruption up to 1000 per second was readily obtained. 
The primary circuit also included an automatic time switch permitting 
the operation of the coil for any chosen time interval, thus affording a 
convenient means of accurately controlling the ‘exposure times’’ used 
in making observations. 
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THE RECEIVER 


The possibility of developing different types of metallic systems 
suspended by quartz fibers, as new forms of sensitive electric wave 
receivers, has been discussed elsewhere by one of the present writers.® 
Of this class, the radiometer type of receiver has been most worked on. 
This form was first mentioned by Hull who mounted a radiometer vane 
facing a high resistance section in the middle of a linear receiving reso- 
nator. Deflections of the radiometer vane were produced by the heat 
generated in the resonator resistance by electric oscillations. 

Later Webb ® mounted a linear resonator like Hull’s, directly on a 
radiometer suspension. To make the radiometric impulse unilateral, a 
thin mica shield was mounted behind the high resistance portion of the 
resonator. Webb also mounted uniform strips of the thinnest obtainable 
metal foils, shielded on one side by mica, as radiometer vanes. 

Webb’s experiments served as the point of departure in designing a 
radiometric receiver for the present work. In changing from metal foils 
to light deposits of platinum on the thinnest mica, a marked increase in 
sensitiveness was obtained, and still further and more striking increases 
followed the substitution of mounted strands of platinum wire of the 
order of I nin diameter. In all thermal electric wave receivers, the same 
problem is met. If the resistance is too high, the radiation sweeps past 
it; if too low, the radiation is almost wholly reflected or re-emitted. 
In neither case is the maximum energy absorbed. The best absorption 
resistances so far obtained have been reached through carefully controlled, 
cut and try experiments. 

The forms of radiometer vanes tested in the present experiments have 
been various, but the methods of vane shielding and mounting have been 
similar. A typical suspension is shown at a, Fig. 3, in which the rotation 
axis g, a straight, fine-drawn rod of quartz or hard glass about 5 cm long 
and from 0.05 to 0.02 mm in diameter, hangs by a quartz fiber f. A 
silvered mirror m of microscope cover glass, 0.5 to I mm high by 1 mm 
wide and about .07 mm thick, is attached to g, to which the fine-drawn 
glass cross arms ¢,; and Cs, carrying thin mica shields v; and ve, (0.2 X 1) 
to (0.5 X 10) mm, are also made fast. The distance between the outside 
edges of v; and v2 varied from 1 to 2 mm in different suspensions. Just 
in front of, but not touching v,, and just behind, but not touching v2, 
were mounted the various resonator heating elements. When these are 
warmed by absorption of electric radiation, the moments of the radio- 
metric forces on both vanes lie in the same direction. 


8 E. F. Nichols, International Electrical Congress, St. Louis, 1904. 
®H. W. Webb, Phys. Rev. 30, 192, 1910. 
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All joints shown in Fig. 3 were made with minute bits of fused shellac, 
and the total weight of each of the various types of suspension was less 
than a milligram, and in some instances not more than one half milligram. 
It was by thus scaling down the linear dimensions and weight of the 
present suspension beyond those of earlier radiometers that the greater 
part of the greatly increased sensitivity was obtained. 




















































































































if 
f g 


Fig. 3. Receiver types. 





During tests, suspensions were mounted axially in a glass tube 7, 
Fig. 3. The best working conditions were met by a tube of about 15 
mm diameter. In such a housing, the mica walls, often set opposite 
radiometer vanes to increase the sensitiveness, are unnecessary. The 
tube T bears a ground joint at the top fitted by a cap C carrying a drawn 
down axial rod r to which the upper end of the quartz fiber f, bearing the 
suspension, is attached. By turning the cap C on the ground joint, the 
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orientation of the suspension can be varied at will. TZ has two side 
window openings W and w. The former, covered by an ebonite plate, 
admits the beam of electric waves; the latter is covered by plate glass, 
and through it the deflections of the suspended system were read with 
telescope and scale. A side tube ¢ connects the receiver to a mercury 
pump. The receivers showed maximum sensitiveness for gas pressures 
of approximately .o5 mm of mercury. In pumping out the receiver a 
black vaned torsion radiometer included in the same vacuum line and 
deflected by the rays from a constant tungsten lamp, was used as a rough 
pressure gauge. Deflections of this auxiliary radiometer were indicated 
by a light spot projected on a scale, and pumping was stopped when the 
radiometer deflection reached a maximum and turned back. 

To guard against disturbances arising from stray radiation or other 
temperature differences, the receiver case was surrounded by cotton and 
packed in a thick-walled brass tube provided with the necessary window 
openings. 

The resonator heating elements so far tried as receiver vanes fall into 
two general classes, (1) those made of fine Wollaston wire of about I u 
diameter, and (2) those made by depositing light metal coatings on thin 
mica strips or quartz fibers by the method of evaporation or cathode 
discharge at low pressures. 

Fig. 3b shows an enlarged receiver vane, edge on. The heater element 
e, of platinum wire I yw in diameter, is stretched between the cross rods 
C1, C2 in front of the thin mica shield v;. This resonator had a funda- 


mental period corresponding to its total length, and a complete series of 


upper partials. 

The vane in Fig. 3c is similar in type to that in Fig. 3b except for a 
number of short glass rods used as bridges between c; and cy. Over 
these bridges a continuous length of I » wire could be stretched or a 
series of short discontinuous lengths reaching only from one bridge to 
the next. In the first instance, a fundamental was obtained similar to 
that for Fig. 3b, but with an accented upper partial of a frequency de- 
pendent upon the distance between bridges and also upon the added 
capacities thus introduced. For the discontinuous lengths, the funda- 
mental corresponding to the total vane length disappeared altogether, 
of course, leaving a receiver tuned to the shorter wave-length. 

In the arrangement of Fig. 3d, a quartz fiber is stretched between the 
cross arms ¢), Cz in front of the shield v;._ To this fiber, short lengths of 
Im wire é€), €2, @3, etc., are attached. For the same dimensions, this 
receiver corresponds to a shorter wave-length resonance than the receiver 
3c, because of smaller end capacities, and it is also more sharply selective 
because less damped. 
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In Fig. 3e, the receiver vane is shown face on. Two quartz fibers 
fi, fe are stretched in front of the mica shield v,, and short sections of I u 
Wire €), 2, €3, etc., are stretched from one fiber across to the other like 
the rungs of aladder. This is the only receiver used in which the electric 
vector is horizontal instead of vertical. 

Receiver vanes of the second class with resonator heating elements 
made of light metallic deposits were of the three principal forms shown 
in Figs. 3f, 3g, and 3h. In Fig. 3f a long, narrow, uniformly coated 
platinized strip e of very thin mica was attached to the cross rods ¢1, C2 
in front of the mica shield v;._ In natural frequency and general charac- 
teristics, this mounting is comparable with that shown in Fig. 3b. Fig. 3g 
shows a variation from Fig. 3f produced by placing small bars across 
the thin mica strip while the metal coating was being deposited. The 
shadows of the bars divide the strip into rectangular fields e;, és, e3, etc. 
The resonance frequencies of these elements were often erratic, due 
probably to the fact that the shadowed spaces, though clear in appear- 
ance, were not invariably non-conducting. The results showed resonance 
frequencies corresponding to the dimensions of the individual fields, and 
additional lower frequencies corresponding probably to several fields 
acting as one. A variant on this type of resonance heater was con- 
structed by cutting a uniform strip such as e, Fig. 3f, into short lengths 
and attaching these separately to another mica sheet. The frequencies 
thus obtained corresponded to the dimensions of the metal-coated 
rectangles, and there was no response to longer waves. 

The vane shown in Fig. 3h has heater elements ¢é, é2, €3, etc., made by 
depositing regional metal coatings on a quartz fiber. If care is taken in 
the process to effectively shield the quartz fiber between metallized 
sections and thus secure adequate insulation, results comparable to those 
with the heater elements ¢;, é2, é3, etc., in Fig. 3d can be obtained. 

When a receiver is first assembled, the suspension takes up some 


position usually quite independent of the position of the torsion cap. 
The introduction of a small quantity of radioactive material hastens the 


dissipation of any accidental static charges responsible for such disturb- 
ances so that after a brief interval the suspension readily responds to 
the torsion cap even with the finest fibers. In the present experiments 
the writers are indebted to Professor A. Kovarik of Yale, who very kindly 
supplied several polonium deposits on copper disks, which were placed 
in the various receivers; and later Dr. E. Karrer of the Applied Science 
Laboratory, National Lamp Works, kindly loaned some small tubes of 
radioactive material for the same use. A fiber was usually chosen which 
after a deflection brought the system back to zero in about twenty 
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seconds. For exposures of from one fifth to one and a half seconds the 
size of the deflections obtained depends but little on the torsion of the 
fiber and almost wholly upon the work done by the system against 
viscosity in moving through the residual gas. 

To test the strict proportionality of receiver deflections to incident 
energy for this new type of electric wave receiver, the following experi- 
ment based on the polarizing action of wire gratings for electric waves 
was tried. The oscillator emitting a plane polarized beam was set with 
electric vector vertical. A receiver with vertical resonators of the type 
shown in Fig. 3b was placed in the beam from the oscillator. When a 
wire grating, with grating space small compared to the wave-length of 





| 











computed Energy Inlensity( (T-J, sin*e) 
Fig. 4. Polarizing grating data. 


the incident radiation, is placed between oscillator and receiver and 


rotated in a plane perpendicular to the line joining them, its polarizing 
action is, like that of a nicol introduced between polarizer and analyzer, 
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set parallel. By analogy, therefore, in our arrangement of oscillator, 
grating, and receiver, the grating transmission in different orientations 
should equal the product of incident energy by the fourth power of the 
sine of the angle between the direction of the grating wires and the 
vertical. For a wave-length of 18 mm and a grating of brass wires, 
0.1 mm in diameter and spaced 32 to the centimeter, observed deflections 
and computed transmissions were proportional te within one per cent as 
will be seen from Fig. 4. 


WAVE-LENGTH MEASUREMENTS 

The resonance absorption of all the various receiving elements tested 
was strongly selective and usually showed a pronounced absorption for 
a fundamental frequency and a diminishing selective absorption for a 
complete series of upper partials. The fundamental absorption wave- 
lengths of the different receivers employed ranged from 4 to 30 mm. 

When oscillator and receiver are approximately in resonance, quite 
satisfactory wave-length measurements can be made with the familiar 
Boltzmann divided mirrors. A photograph of the Boltzmann interferom- 
eter employed is shown in Fig. 5. The mirror plates are of brass 














Fig. 5. Photo of Boltzmann interferometer. 


(5 X 10 X 0.6 cm), with plane surfaces. The lower half mirror is 
stationary; the upper half, mounted on a micrometer-screw slide, can be 
moved measured distances backward or forward. The mirror planes can 
be set accurately parallel by means of slow motion adjustments. Either 
mirror can also be turned about a vertical axis to deflect its beam to one 


side and again swung back to parallelism without loss of adjustment, thus 
making it easy at any time to test the energy equality of the two beams. 
In Fig. 6 a diagram is shown of the arrangement of apparatus for 
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wave-length measurements. The oscillator at G is at the center of 
curvature of a spherical mirror m and in the principal focus of a doubie 
convex paraffin lens L;. Ls: and Ls; denote equal paraffin lenses of 12 
cm diameter and 8 cm focal length. A plane mirror is placed at A, the 





Fig. 6. Diagram for wave-length measurements. 


interferometer at B, and the main receiver in the principal focus of Ls 
at M. A portion of the energy of the parallel beam from the oscillator 
is reflected by a sheet of glass, of ebonite, or of thin cardboard at S, at 
right angles to the lens Ls, and is focused on a second or check receiver. 
The metal screens S; and S2 were necessary only for wave-lengths greater 
than one centimeter. 

Lenses and mirrors were adjusted as follows: After the lenses were 
cast and turned to fit a given template and before removal from the 
lathe, a two mm hole was drilled along the axis of rotation of each lens. 
A frame bearing two properly centered diaphragms, lighted from behind, 
was fitted to replace the oscillator case on the optical bench. The light 
pencil directed by these diaphragms defined the optic axes of the system; 
after passing through the hole in Ly, it was reflected in succession from 
mirrors at A and B, then passed through L; and fell upon the receiver 
at M. The mirrors A and B and the optical bench carrying the oscillator 
case and lens ZL; are provided with micrometer adjustments for rotation 
about vertical and horizontal axes. Lenses Le and L; are provided with 
slow motion vertical and horizontal adjustments. The adjustment 
obtained by using the pencil of light rays has been found to agree with 
that subsequently obtained by the more tedious method of experimental 
trial and error. Slightly tilting the common plane of the interferometer 
mirrors affords a convenient method for obtaining energy equality 
between the two beams reflected from the Boltzmann interferometer and 
brought to focus at M. 

A Hertzian oscillator, especially a short wave oscillator, because of its 
rapid wearing away and constant need of readjustment, is very erratic 
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and unsteady in action. It can in no sense be called either a constant 
source of radiation or even a uniformly varying source. Consequently 
the experimental procedure followed by earlier short wave experimenters 
has led at best to results which were only in the roughest sense quantita- 
tive. In the present experiments, a check was kept at all times on the 
emission of the oscillator by the “check receiver’’ mentioned above. 
In any given series of observations, the main and check receivers were 
made of nearly identical construction. Thus for every excitation of the 
oscillator, the deflections of both main and check receivers were recorded. 
The ratio of these two deflections gives a quantity free from any error 
due to variable emission of the oscillator. Since nearly equal deflections 
of the main and check receivers offer the best conditions for accuracy, 
the material of the reflector at S was so chosen as to secure this equality. 

In the interpretation of electric wave interference curves, it is important 
to know something of the relative influence on curve form of the funda- 
mental and upper partials of the oscillator and of the receiver. Fig. 7 
shows a series of interference curves obtained by using a single receiver 
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Fig. 7. Interference curves; one receiver and various oscillators. 
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and a series of different oscillators. The overall length / of the oscillator 
used and its approximate fundamental wave-length A» are given with 
each curve. The receiver was of the type shown at a, Fig. 3, with vanes 
made of 1 » platinum wire 5.5 mm in length, of which about 0.3 mm at 
each end was embedded in shellac. Its fundamental wave-length \,, 
measured from the different curves, ranges between 18 and 20 mm. 

Curve A, Fig. 7.—The curve for this combination of oscillator and 
receiver exhibits six maxima between zero and a path difference of 19 
mm; thus Ao equals \,/6, or the fifth upper partial of the receiver. The 
curve form also shows the presence of the first upper partial and funda- 
mental of the receiver. 


Curve B,, Fig. 7, shows three maxima and three minima between the 
path difference zero and 19.5 mm. Thus as Xo = A,/3, the oscillator 
fundamental falls in step with the second upper partial of the receiver. 
Analysis of this curve, damping neglected, yields the equation 


Y = } cos (24x/$A,) + 3 cos (27x/}),), 


showing that the first upper partial of the receiver is also present with 
roughly one half the intensity of the second. A plot of this equation 
appears as Bs, Fig. 7. 

Curve C, Fig. 7, shows the fundamental and first upper partial of the 
receiver. There is no clear indication of any maximum due to the 
fundamental of the oscillator. The rapid flattening out of the curve is 
doubtless attributable to the complete disagreement between the funda- 
mental wave-lengths and upper partials of oscillator and receiver. 

Curve D, Fig. 7.—The oscillator fundamental, \> = 18 mm approxi- 
mately, was near enough to X, to give a regular curve of simple form and 
sustained amplitude, showing the receiver to be in fair resonance with 
the oscillator. 

Curve E,, Fig. 7—The fundamental of the oscillator with which this 
curve was made was somewhat longer than that of the receiver but yet 
near enough to give a curve of well-sustained amplitude though not 
altogether simple in form. Curve Eo», Fig. 7, is drawn from equation 
Y = 3 cos (27x/A,) + 3 cos (27x/Xo), where Xo = 21.6 mm and Xi, = 18 
mm, which gives a close enough match with £, to show (1) that the 
wave-lengths assigned in this instance to oscillator and receiver are 
accurately chosen and (2) that the receiver has roughly twice as much 
effect upon the form of the curve as the oscillator. 

Curve F,, Fig. 7—Here \> = 3A,/2 nearly, and the amplitude is well 
sustained and yields a curve form of unusual interest. Curve F; is 
drawn from Y = 2 cos (27x/A,) + 3 cos (27x/Ao), where A, = 18 mm 
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and XA» = 27 mm, which, damping neglected, affords a very close repro- 
duction of F;. 

Irrespective of the different dimensions and characteristics of the 
oscillators used, all the interference curves in Fig. 7 show a strong maxi- 
mum at a path difference of about I9 mm or X,, indicating plainly that 
the receiver, because it is less damped than the oscillator, exerts the 
predominant influence upon the form of the interference curv7s and upon 
the fundamental wave-lengths and upper partials thus measured. 

Consideration of Fig. 7 and of the foregoing discussion shows that 
interference curves of simple and regular form and of sustained amplitude 
are obtained only when the fundamental periods of oscillator and receiver 
fall close together or when the oscillator fundamental is in close agreement 
with the first or second upper partial of the receiver. It thus appears 
that the radiation from the oscillator is highly damped and though not 
aperiodic may be thought of as a pulse or, even more accurately, as a 
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Fig. 8. Set of curves, A 4.2 to A 27. 
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very short wave train with from 60 to 80 per cent of the energy concen- 
trated in the first half wave-length. Upon reflection from the two halves 
of the interferometer mirror, each pulse is divided into two parts, one 
following the other by a known time interval. When the time separation 
of the two pulses is equal to or a small multiple of a natural period of 
the receiver, we may expect a maximum response. Were the receiver 
heavily enough damped to be aperiodic, the interference curve would 
give a measure of the wave-length of the unmodified radiation of the 
oscillator. Since the receiver is but slightly damped and the oscillator 
not altogether aperiodic, the interference curve obtained is a compromise 
of the two effects, in which the receiver is much the larger factor. 

These considerations find further illustration in Fig. 8. Curves A and 
B were taken with different oscillators but with the same receiver, the 
fundamental wave-length of which was A, = 8.4 mm. In curve A, the 
fundamental wave-length of the oscillator is 4.2 mm, corresponding to 
the first upper partial of the receiver. In the remaining curves C, D, 
and E, the fundamentals of oscillator and receiver were in close agreement. 

The observations from which curve A is plotted are given in Table I. 


TABLE I 


Int. mirror Main receiver | Check receiver M | Deflection, 


setting (M) (C) ; per cent 





8.5 mm 58 mm 118 mm 
40 
36 
26 
53 
34 
96 
55 
37 
32 
47 
59 
44 
66 
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They show something of the sensitiveness and behavior of the receiver 
and the general character of the work with short electric waves, and 
thus afford a basis for judging the results obtained. Column I gives 
the scale readings of the movable upper interferometer mirror plotted as 


40 
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abscissas in curve A; column 2, the corresponding deflections of the 
main receiver; and column 3, the deflections of the check receiver. 
Column 4 shows the ratio, and column 5 the so-called deflection per- 
centages plotted as ordinates in the curve. The starred values constitute 
a second series of interferometer settings. 

The arrangement of apparatus used is shown in Fig. 6. The total 
length of path from oscillator to main receiver, including two reflections, 
was 180 cm. By means of the time switch, previously referred to, the 
oscillator was operated for one half second for each deflection. If we 
take the average of the sum of the deflections of the main and check 
receivers for maximum points in the interference curve, we get the 
equivalent of 200 scale divisions on a meter distant scale. The corre- 
sponding combined deflection for a 1.5 second exposure was roughly 
600 divisions, a remarkably high degree of receiver sensitiveness for 
waves of this length. The irregular emission of the oscillator is plainly 
seen in the varying numbers of column 3. Were the oscillator a constant 
source, these check receiver deflections should have shown no variation. 
The necessity of using a check receiver for quantitative work is thus 
evident, and yet, so far as we know, this is the first instance of its use in 
short electric wave experiments, 1.e., with waves less than 4 or 5 cm long. 

Upper partials of short wave-length—Upon continued use, the inner 
ends of the oscillator doublet at the oil gap become badly pitted and 
sometimes develop notches or “teeth.”’ This tendency is more marked 
for platinum than for tungsten electrodes. With increased pitting and 
“teething’’ the normal oscillations become less sustained, and the 
interference curves show the presence of radiation of much shorter 
wave-length though the curves are seldom of regular pattern. Mdébius 
(4) has thus obtained interference curves which suggest the presence of 
radiation of a wave-length hardly more than one per cent of the funda- 
mental of his oscillator. 

Curve A, Fig. 9, was taken with an oscillator of fundamental wave- 
length about 4 mm operated with a long spark gap between badly pitted 
platinum electrodes. The receiver elements were thin platinum deposits 
on mica of type e, Fig. 3, and though in action the receiver showed high 
resistance damping, it had a fundamental wave-length of about 8 mm. 
The deep minimum and succeeding maximum are evidently due to the 
receiver. Interferometer settings were made near together for only the 
first two millimeters displacement. If from the observed deflections 
the function 60 + 40 cos (27x/4) is subtracted, curve B, Fig. 9, is 
obtained, which plainly indicates the presence of a component of wave- 
length 0.8 mm. As Ao/5 = A,/10.= 0.8 mm, we apparently have the 
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fourth upper partial of the oscillator falling in with the ninth upper 
partial of the receiver. 
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Fig. 9. Harmonics. 


For Curve C, Fig. 9, the receiver elements, of 1 » platinum wire, were 
of type a, Fig. 3, and the fundamental wave-length was 7.5 mm. The 
fundamental of the oscillator was 4.5 mm, the tungsten electrodes were 
badly worn, and the spark gap long. Emission had fallen to 20 per cent 
of its initial intensity. Curve D, Fig. 9, is the sum of three harmonic 
curves corresponding to the equation 

Y = 2/5 cos (47x/7.5) + 2/5 cos (47x/4.5) + 1/5 cos (47x/I.5). 
Its resemblance to Curve C is sufficiently close to show three components 
7.5, 4.5, and 1.5 mm; the first is the fundamental of the receiver, the 
second that of the oscillator, and the third is formed by the second 


upper partial of the oscillator falling in with the fourth upper partial of 
the receiver. 
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A reflecting echelon—The degree of damping which determines the 
form of the pulse or short wave train for electric waves in air has been 
studied by Hull,!® Bartenstein,"' and Ives. The results obtained by 
these investigators agree as to the general nature of the radiation; but 
because of the different forms of oscillators used by them, and because 
the influence of the receiver upon the interference curve was not in all 


cases satisfactorily eliminated, their results show a wide variation in the 
degree of damping reported. As a further means for analyzing the 
wave form and content of the emission of very short wave oscillators, a 
reflecting echelon grating was constructed of eight carefully machined 
and polished brass blocks bearing against a strip of plate glass as shown 
in Fig. 10. The inclination of this glass plate and with it the equivalent 


Fig. 10. Photo of echelon. 


grating space or tread of the steps could be varied by means of a mi- 
crometer screw shown in the figure. In use this echelon is placed in the 
optical path at B, Fig. 6. If the tread of the steps is made equal to half 
the fundamental wave-length of the incident radiation, the original pulse 
or short wave train is divided into eight trains one following another at 
intervals of one oscillator cycle. For purposes of illustration, the 
damping is assumed to be such that the amplitude falls to 1 per cent of 
its initial value in four cycles. The calculated resultant wave form 
obtained by adding the displaced 8 wave trains is shown in Fig. II. 
The echelon thus serves to isolate the fundamental wave emitted by the 
oscillator and to render it more nearly monochromatic. If a receiver 
with a very much longer fundamental than that of the oscillator is used, 
0G, F. Hull, Phys. Rev. 5, 231-46, 1897. 


1 Bartenstein, Ann. der Phys. 29, 201, 1909. 
2 Tves, Phys. Rev. 31, 185, 1910. 
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Fig. 11. Addition of pulses. 








Fig. 12. Addition of pulses 4/16. 
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and the tread of the echelon is set for a path difference equal to the 
fundamental of the receiver, the result obtained will correspond to the 
characteristics of the receiver, irrespective of the characteristics of the 
oscillator. In this way it is possible to get a clear regular interference 
curve corresponding to the fundamental of the receiver even when no 
radiation anywhere near it in wave-length exists in the emission of the 
oscillator. The wave-length thus obtained is therefore wholly spurious 
in that it is manufactured by the echelon and receiver and is not emitted 
by the oscillator. While it is thus possible to get almost any wave- 
length to which the receiver responds, which is longer than that emitted 
by the oscillator, it is not practicable by use of the echelon to get waves 
very much shorter than the fundamental emission of the oscillator and 
its accented upper partials. Fig. 12 shows the computed resultant wave 
train due to setting the echelon tread at 1/16 of the fundamental wave- 
length of the oscillator. In it the fundamental of the oscillator appears 
as a ground wave and, superimposed upon it, are ripples 1/8 as long as 
the fundamental. 
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Fig. 13. Step curves. 
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The echelon method has been used to measure the fundamental wave- 
lengths and to analyze the radiation of a number of oscillators. In 
these experiments the receiver employed is of type C, Fig. 3, consisting of 
five parallel strands of I w platinum wire. The various oscillator doublets 
employed consisted of tungsten cylinders, the smallest of which was 
0.2 mm in diameter and 0.2 mm long. These were embedded in the 
glass tube ends for only about one half their length. The measured 
wave-lengths of curves A, B, and C, Fig. 13, were 3.8, 1.9, and 1.8 mm, 
respectively. Curve B was carried out to the third order. That a 
third maximum appears indicates that the radiation is less damped than 
that previously assumed and shown in Fig. I1. 
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Fig. 14. Analysis of radiation (1) with echelon; (2) with crossed echelons. 


To get higher resolving power for further analysis of the oscillator 
emission, a second echelon was constructed and the two used in series, 
the first placed at A, Fig. 6, with steps vertical, and the second at B, 
with steps horizontal. The width of tread of the first was set equal to 
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half the fundamental wave-length of the oscillator \9, obtained from the 
position of the maximum in curve B, Fig. 14. The tread width of the 
second echelon was then varied continuously and curve C, Fig. 14, taken. 
The first maximum of curve C rises to within 80 per cent of the value 
of the first maximum of curve A computed for monochromatic radiation, 
thus showing an unexpected degree of homogeneity. The tread of the 
steps of the first echelon was then set for a width equal to 0.85\9/2, 
requiring a maximum of the first order to fall at E. The tread width of 
the second echelon was then varied and curve D, Fig. 14, taken. The 
first maximum falls at the required place and rises to about 45 per cent 
of the theoretical maximum in curve A. This shows the influence of 
the first echelon upon the incident radiation, although after leaving the 
echelon, the radiation is less homogeneous in this case than in Fig. 14c. 
The procedure illustrated in Figs. 14c and 14d shows that the crossed 
echelons may be used to obtain radiation of wave-length somewhat less 
than the fundamental of the oscillator employed. The echelon principle 
also promises substantial assistance in the further difficult progress 
towards shorter waves, by making possible the singling out of higher 
upper partials from the complex emission of the oscillator. It is easier 
to build radiometric receivers tuned for very short waves than to con- 
struct oscillators to correspond. Hence the echelon together with very 
short tuned receivers offers the best arrangement so far realized for 
bringing the electric wave spectrum and the heat spectrum together. 
The difficulty of building oscillators for very short electric waves lies 
not only in being able to handle and seal into glass such minute metal 
cylinders, but even more in the fact that the ratio of the fundamentgel 
wave-length of an oscillator to its total length is a ratio which for waves 
less than one centimeter increases rapidly as we go to higher and higher 
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Fig. 15. Sketch of oscillator seal. 
frequencies. Thus Figs. 15@ and 15) show halves of two typical oscillator 
doublets c, of which 15a is for very short and 150 for longer waves. 
When mounted in the oscillator box, that portion of the doublet of oscil- 
lator 15), for instance, which projects from the glass tube ¢, into which 
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it is sealed, is emersed in oil, another part of the length is embedded in 
glass, and the remainder, which extends into the interior of the tube, is 
surrounded by air. This gives a complex capacity involving three 
different dielectric media. In an oscillator of the proportions of 150, the 
fundamental wave-length divided by the overall length of the doublet 
\o// has in our experiments run as low as 2.7 for wave Ay) = 27 mm, while 


in such a case as Fig. 15a, Ay = 2 mm, a larger proportion of the doublet 
cylinders are of necessity embedded in glass, hence the capacity is pro- 
portionately larger and Xo o// has in some instances run as high as 4.8. 
As we go to smaller and smaller oscillators, therefore, this rising ratio 
makes progress toward shorter and shorter waves increasingly difficult. 
Table II. exhibits data concerning oscillator dimensions and measured 


TABLE II 


Oscillators referred to as ‘‘ M”’ are oscillators described and used by Mébius. ‘‘La”’ 
refers to Lampa oscillators, and ‘‘Le’’ to. Lebedew’s oscillators; the remainder are 
oscillators described in the present paper. 


| Length of 


Observer or do | J, length of 
glass seal 


; . Diameter 
oscillator | measured | oscillator memnaes 
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27. mm) 10 mm 0.5 mm mm 
21.6 . 0.5 
16.2 . 0.5 
0.5 
II 0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.25 
0.25 
0.25 
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wave-lengths. Column I contains the designation of the different oscil- 
lators listed, including several oscillators used by other investigators; 
column 2 gives the corresponding measured wave-lengths reported; 
column 3, the overall length of the oscillator; column 4, the diameter of 
the oscillator cylinders; column 5, an estimate of the length of the glass 
seals; and the last column gives the ratio of column 2 to column 3. If 
probable values be assigned to the Ao/l ratio for the Lebedew? and 
Lampa ? oscillators, it seems very probable that both investigators under- 
estimated the wave-lengths with which they were dealing. Mdébius’* 
shortest oscillator of platinum cylinders 1.98 mm long and 0.5 mm in 
diameter, giving a measured fundamental wave-length of 7 mm, seems 
to be the smallest oscillator previously used. A ten-year-old rumor 
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concerning 2 mm fundamental waves obtained by Von Baeyer ™ appar- 
ently still lacks confirmation. 
The chart shown in Fig. 16 displays the present stage of progress 
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Fig. 16. Spectrum chart. 


toward closing the gap still separating the infra-red from the electric 
wave spectrum. Neglecting wave-length measurements on upper partials 
which are ripples on a longer fundamental wave, the present experiments 
have reduced the measured fundamental wave-lengths from 7 mm, 
reached by Lampa and Modbius, to 1.8 mm, an interval of two octaves. 
Progress over an interval of two more octaves will connect the electric 
wave spectrum to Rubens and Von Baeyer’s longest heat waves. 

The writers are indebted to Miss Ruth Sublett and Miss Marion 
Smith, assistants in the laboratory, for help in taking observations at 
the check receiver. 


NELA RESEARCH LABORATORIES, 
NATIONAL LAMP WORKS, 
CLEVELAND, OHIO 
December 13, 1922 
13H, Rubens, Physik: Kultur der Gegenwart, p. 203, Leipzig, 1915. 
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THE OPTICAL CONSTANTS OF CERTAIN LIQUIDS FOR 
SHORT ELECTRIC WAVES 


By J. D. TEAR 


ABSTRACT 


Optical constants of liquids for short electric waves of length 4 to 27 mm 
were measured by use of special Hertzian oscillators and radiometer receivers 
developed by Nichols and Tear, for water, glycerin, and methyl and ethyl alcohol. 
For the extinction coefficient, glass and ebonite cells were used; for the coeffi- 
cient of reflection, the liquid was held in a tilted rubber tray. The refraction 
indices were then computed by the Cauchy-Quincke formula. In a few cases 
the index was determined directly from measurements of the reflection from a 
thin layer of the liquid over a mercury surface as a function of the thickness, 
since, due to interference, maxima occur at intervals of half a wave-length, 
providing the absorption is not too great or the reflection too small. Water 
shows absorption maxima at wave-lengths of 20, 7 and perhaps 2 mm; its 
index drops from 8.7 for 40 mm to 5.3 for 4 mm. The experimental values 
agree with those computed by Rubens from the Debye theory for \ > 40 and 
\ <0.2 mm; the discrepancies in the intermediate region are evidently 
due to the presence of two or three absorption bands, whereas only one was 
assumed. 


HE great change in refractive index of a number of liquids in 


crossing the unexplored region separating the extreme infra-red 

from the shortest electric waves is of considerable interest and has 
claimed the attention of many investigators. A notable example is the 
dispersion of water, the index of refraction changing from a value near 
1.5 in the infra-red to approximately 9 for wave-lengths of a few centi- 
meters. The study of the optical constants of these liquids has extended 
from wave-lengths of several meters to about two centimeters, but in 
much of the earlier work the method of waves on parallel wires was used." 

Lebedew 2? and Lampa ®? in their measurements of indices of refraction 
used prismatic cells of small angle. Later experimenters, following the 
lead of Cole,‘ used the method of reflection, only Eckert! and Mébius® 
taking into consideration the absorption coefficients. The unfortunately 
wide variation in the results of the various investigators may be accounted 
for in part by the errors introduced by diffraction when the reflecting 

1 Eckert, Verh. d. Deut. Ges. 1§, 307 (1913), gives complete bibliography. 

2 Lebedew, Wied. Ann., p. 1 (1895). 

3 Lampa, Wiener Ber. 105, pp. 587 and 1049 (1896). 


4 Cole, Wied. Ann. 57, p. 290 (1896). 
5 Mobius, Ann. d. Phys. 62, p. 293 (1920). 
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and refracting surfaces used are but a few wave-lengths in extent and in 
part by the inherent difficulties in using a small Hertzian oscillator the 
emission of which tends to vary both in amount and in the degree of 


damping. 

The principal source of error lies in the determination of the wave- 
length of the radiation used. Some of the early wave-lengths appear 
to be in error by a factor as large as two. Because of the influence of 
the receiver characteristics upon the interference curves obtained, such 
curves have been often misinterpreted. To eliminate the effect of the 
receiver upon the wave-lengths measured it is necessary either to use a 
receiver which is perfectly non-selective, a condition difficult to realize, 
or to use an oscillator and a selective receiver which are carefully tuned 
to the same frequency. Eckert has used the latter method and has 
obtained apparently reliable data for wave-lengths ranging from 80 to 
17 mm. 

Rubens® in 1915, collecting the electric wave data published at that 
time and using his own data for the extreme infra-red, endeavored to 
put to an experimental test Debye’s theory of the dispersion of liquids.’ 
According to the theory of Debye the molecules of a liquid are electrical 
dipoles, the directions of their axes being maintained in a chance distribu- 
tion by thermal agitation, and consequently upon the application of 
an electric field, the molecules come to their new position of equilibrium 
only after a finite time. This leads to a value of the index of refraction 
which is a function of wave-length and temperature. Rubens’ com- 
puted and experimental values for the index of refraction of water agreed 
well. However, the data then available did not extend into the region 
in which the large change in refractive index occurs. 

Recent developments in electric wave technique have made it possible 
to follow the course of dispersion curves several octaves toward shorter 
wave-lengths. In general two methods have been employed. In the 
first the index of refraction has been computed from measured values of 
the absorption and reflection coefficients, and in the second the phenome- 
non of interference in thin films has been utilized. 

Apparatus.—The source consisted of an improved form of the Hertzian 
oscillator which was used in conjunction with a recently developed re- 
ceiver of the radiometer type. Descriptions of the source and of the 
receiver, and also the procedure followed in obtaining interference curves 
for the wave-length measurements are given in detail in the preceding 
paper.» The method of securing homogeneous radiation has been to 


® Rubens, Ber. d. Deut. Phys. Ges. 17, p. 315 (1915). 
7 Debye, Verh. d. Deut. Phys. Ges. 15, 777 (1913). 
® Nichols and Tear, Phys. Rev., 21, p. 587 (1923). 
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use a selective receiver to which the oscillator was carefully tuned. 
The interference curves for five of the six wave-lengths used in the 
present experiments are shown in Fig. 1. The form of the curves affords 
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Fig. 1. Boltzmann interference curves. A, = 0.42cm; B,A = 0.84cm; C,A = 1.1 
cm; D, A = 1.8cm; E, A = 2.7 cm. 


a basis for estimating the purity of the radiation and the accuracy of 
the wave-length measurements. 

Transmission Measurements.—The arrangement of apparatus for the 
transmission measurements is shown in Fig. 2. The radiation from the 
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source at S is converged into a parallel beam by the paraffin lens Z). 
A definite fraction is reflected by the screen of ebonite or glass at E toward 
the check receiver C which is at the principal focus of a paraffin lens L3; 
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the beam traversing E falls upon the cell and is brought to a focus by 
lens Le upon the main receiver at M. Immediately behind the cell is a 
diaphragm D to limit the portion of the beam used and to protect the 
receiver from stray radiation. 

The procedure was, briefly, as follows. The source was operated for 
chosen intervals of time ranging from one fifth to one second, and the 
deflections of both main and check receivers were noted. The ratio 
of these deflections (//C) was taken first with the cell removed and then 
with the cell in place.. The quotient of these two ratios was taken as the 
transmission of the cell. The strict proportionality between deflections 
and incident energy for this type of receiver has previously been carefully 
tested and found to hold within one per cent. 

Two types of cells were used. The first series was made up with 
walls of plate glass six millimeters thick. Some of the transmission 
measurements thus obtained are given in Fig. 3. As the ordinates are 
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Fig. 3. Transmission of water for electric waves. A, \ = 0.42 cm glass absorption 
cell; B, \ = 0.84 cm glass absorption cell; C, \ = 1.1 cm glass absorption cell; D, 
X = 1.5 cm glass absorption cell; E, \ = 1.8 cm glass absorption cell; F, A = 2.7 cm 
glass absorption cell; G, \ = 2.7 cm ebonite absorption cell. 


plotted on a logarithmic scale, the slope of the line gives a measure of 
kin I = Ipe—*4, in which Jy is the energy which enters and I is that which 
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has traversed a layer of the liquid of thickness d. As we are interested 
only in the slope of the line, it has not been necessary to correct the 
measurements for the loss by reflection at the cell walls or on entering 
the liquid. 

The reflection from both glass and water surfaces is high and so it 
is only because of the low transmission of the liquid that the transmitted 
energy does not pass through interference maxima and minima as the 
cell thickness is varied. For ethyl alcohol and glycerin which have 
lower coefficients of absorption and for water for wave-lengths greater 
than 25 mm (F, Fig. 3), the interference effects are noticeable. In 
order to check the results obtained with the glass absorption cells, a 
second series of cells was made up with ebonite walls. As the refractive 
index of ebonite (1.6) is low compared to that of glass (2.4), the inter- 
ference effects due to reflection were smaller for the ebonite than for the 
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Fig. 4. Comparison of transmissions as measured with glass and with ebonite 
absorption cells. \ = 0.84 cm. H, ethyl alcohol ebonite cells; J, ethyl alcohol glass 
cells; J, methyl alcohol ebonite cells; K, methyl alcohol glass cells. 


glass cells. Because of their lower reflecting power the transmission of 
the ebonite cells for a given thickness of liquid layer was of course greater 
than that of the glass cells. In Fig. 4 is shown the results of the measure- 
ments made with the two types of cells. The slopes of the two sets of 
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lines agree satisfactorily. The differences in the values of k computed 
from the lines as drawn are somewhat less than two per cent, showing 
the values of the absorption so measured to be free from any considerable 
error due to reflection from the cell walls. 

Reflection.—The reflection measurements were made by comparing 
the reflection from the surface of the given liquid to that from a mercury 
surface. Eckert ' has shown the reflection of mercury for wave-lengths 
from 17 to 80 mm to be unity to within one half of one per cent. These 
results together with the high reflection observed for metals for long 
infra-red waves make it safe to assume 100 per cent reflection for mercury 
throughout the spectral region of the present measurements. 

The oscillator is placed at S, Fig. 5, at the principal focus of the paraffin 
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lens L,. The disposition of ebonite screen E, paraffine lenses, and the 
receivers is as shown. MM, and Mz are plate glass mirrors with their 
silvered sides toward the beam; and W is the liquid surface. A sheet 
metal screen is placed at A to minimize the scattered energy reaching 
the main receiver. The liquid is contained in a hard rubber tray 
(15 X 20 cm) which is inclined as shown sd that any energy reflected 
from the lower surface will be directed to one side. There is an indicator 
at B by which to gauge the height of the liquid in the tray. 

To test the effectiveness of the tilted tray in avoiding reflection from 
the lower liquid surface, reflection measurements were made both with 
and without a piece of plane sheet metal lying on the floor of the tray. 
No change in the reflected energy due to the presence of the metal mirror 
could be observed. The amount of scattered energy which reached the 
receiver when the tray was empty ranged from 0.8 per cent for 4.2 mm 
to 0.4 per cent for \ 18 mm. With the tray removed and a 20 X 20 cm 
piece of sheet metal inclined at an angle of 45° to the horizontal sub- 
stituted, the receivers gave no deflections. Good evidence that the 
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amount of scattered radiation reaching the receiver was small when 
the tray was filled with an absorbing liquid may be obtained from a 
consideration of the measurements for kerosene, which has a low reflecting 
power and no measurable absorption. The coefficients of reflection of 
kerosene observed for three wave-lengths 4, 8, and 18 mm were 0.040, 
0.039, and 0.039. Taking the value 2.13 for the dielectric constant and 
VK or 1.46 for the index of refraction, the coefficient of reflection com- 
puted by the Fresnel formula is 0.0353. We are safe, then, in assuming 
that when an absorbing liquid was in the tray the amount of scattered 
energy reaching the receiver was less than one half of one per cent. 

For each reflection measurement a series of eight ballistic deflections 
was taken first for mercury and then for the liquid under investigation. 
A typical series is given below. 























TABLE I 
Mercury | Water 
Main (M) li Check (C) M/C | Main (M) | Check (C) | M/C 
194 138 | 4-41 166 234 | .710 
156 112 1.39 200 273 -734 
188 133 | I.41 226 309 -732 
183 127 | 1.44 195 274 -712 
190 137 | 1.39 207 291 -712 
223 156 | 1.43 160 225 -712 
253 183 | 1.38 220 302 -730 
224 160 | 1.40 205 285 -720 
Average. ... Lgl + .016 6 | | | .720 + .009 





Coefficient of reflection 0.510 + .OI. 


Index of Refraction.—The Cauchy-Quincke formula’ was used for 
computing the index of refraction from the measured values of the absorp- 
tion and reflection coefficients. For the electric vector in the plane of 
incidence the formula may be reduced to 


b = 5) , 
~ cos +o! cos? — (nxy, 


= the angle of incidence; 

nx = the extinction coefficient in I = Ipe~**™*/"d; 
the wave-length in air; 

(i + R)/(i — R); 


R = the coefficient of reflection. 


where 
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® Winkelmann’s Handbuch, p. 1300. 
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This is an approximate formula which holds if m* is very much greater 
than sin? ¢, which was the case in all the present measurements, for 
sin? @ never exceeded 0.03 and n? ranged from 4 to 70. The collected 
values of R, nx, and n (called m,) are given in Table II. 














TABLE II 
Ain cm R | nx ny Ne 

Ethyl Alcohol. .... 0.42 0.087 | 0.156 1.84 

0.84 | 0.125 0.285 2.06 1.95 

1.1 (0.133) 0.277 2.2 

1.5 | (0.145) 0.337 2.15 

1.8 | 0.150 0.512 22 

$79 | 0.162 0.453 2.27 
Methyl Alcohol... . 0.42 | O.171 0.39 2.10 

0.84 0.19 0.55 2.43 2.33 

1.5 (0.215) 0.797 2.52 

1.8 0.228 1.09 2.7 3.2 

a7 0.316 0.95 3-3 

| 

ee 0.42 0.108 0.147 1.98 

0.84 | 0.136 0.252 2.16 2.15 

I.1 (0.145) 0.184 2.3 

1.5 (1.55) 0.28 2.3 

1.8 0.154 0.40 2.53 

1.8 | (0.16) (0.25) 2.23 

2.7 0.187 0.208 2.53 
eer 0.42 0.484 1.28 5.33 

0.84 0.516 1.49 5.68 

I.1 0.54 1.44 6.27 

1.5 | 0.565 1.83 6.62 

1.8 | 0.58 2.32 6.65 

2.7 0.64 2.26 8.45 


R, coefficient of reflection for angle of incidence of 8° 20’, with electric vector in plane 
of incidence. 

n;, index of refraction computed from extinction coefficient and R. 

m2, index of refraction as measured by reflection from thin layers. 

Values in parentheses were obtained by interpolation. 


Reflection from Transparent Liquid Layers over Mercury.—An inter- 
esting study which gives a direct though approximate measure of the 
refractive index and the coefficient of reflection of a liquid and also an 
estimate of its absorbing power, has been that of the reflection from a 
mercury surface upon which was floated a liquid layer.a few wave-lengths 
in thickness. The bottom of a cylindrical tray 19 cm in diameter was 
covered with mercury and the reflection from the mercury surface 
measured. Known quantities of the liquid to be studied were then 
added and the combined reflection from the two surfaces observed. 

Because of the meniscus of the mercury and that of the second liquid 
the layer thickness as computed from the quantity of liquid added is 
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subject to a constant error, making it necessary to extrapolate for zero 
film thickness. As the first maximum (Fig. 6) corresponding to zero 
thickness of layer is very sharp, this extrapolation can be done with 
satisfactory accuracy. The meniscus correction is of the order of 20 cc 
or in terms of film thickness 0.1 mm. 

Curve A, Fig. 6, shows the results for ethyl alcohol for \ 8.4 mm. 
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Fig. 6. Reflection from liquid layers over mercury. A, ethyl alcohol \ = 0.84 cm; 
B, methyl alcohol \ = 1.8 cm. 


In computing the optical path in the liquid we may consider the case 
as one of normal incidence, for, using 2 as an approximate value of the 
refractive index, the angle of refraction corresponding to the angle of 
incidence 8° 20’ is 4° 10’. 
between minima is 2.14 mm which gives for the wave-length in the liquid 
2 X 2.14 = 4.28 mm. This divided into 8.4 mm gives 1.96 as the 
refractive index of alcohol for this wave-length. This value and that 
computed from the reflection and absorption measurements, 2.06, agree 
within the limits of error of the method. 

Because of the absorption of the liquid, the amplitudes of the successive 
maxima and minima decrease exponentially and consequently the maxima 
and minima are displaced from their true position. Because the present 
measurements with this method are only approximate, it has not been 
considered necessary to correct for this displacement. 

When the liquid layer is sufficiently thick, the transmitted energy is 
completely absorbed. The curve of the reflected energy then becomes 
parallel to the horizontal axis at a level coiresponding to the reflection 
coefficient of the liquid under investigation. 


The average distance between maxima and 
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Values of the index of refraction of methyl alcohol and glycerin ob- 
tained by this method are included in Table II, column headed mp2. 
The method of reflection from films over a mercury surface is applicable 
only to those liquids which are sufficiently transparent for layers several 
wave-lengths in thickness to be used and which have a sufficiently large 
reflecting power. It proved to be unsatisfactory for kerosene, which, 
though it shows very little absorption, has a reflecting power of only 4 
per cent, and for water, a layer of which one wave-length in thickness is 
practically opaque for wave-lengths of a few millimeters. Curve B, 
Fig. 6 (methyl alcohol for \ = 18 mm), shows an instance in which the 
method is limited by the absorption of the liquid. 

Results.—The numerical results are collected in Table II and repre- 
sented graphically in Figs. 7 and 8. Glycerin, ethyl alcchol, and methyl 
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WAVELENGTH (ON LOGARITHMIC SCALE) 


Fig. 7. Index of refraction m, coefficient of reflection R, and extinction coefficient 
nx for water. The light dashed lines represent values computed by Rubens. (© data 
from Rubens, + data from Eckert, A. Lampa’s values of n. 


alcohol in Fig. 8, all show anomalous dispersion in the region studied. 
Their dispersion curves, however, slope gradually, the index of refraction 
in each case reaching a value at \ = 0.42 cm not far from that observed 
in the visible region of the spectrum. For each of the three liquids 
there exists a strong absorption band at a wave-length from 5 to 10 cm. 
Within the range of the present measurements, however, their absorption 
curves are without large elevations or depressions. 
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The distinct though low maxima corresponding so closely with those 
observed for water, as shown in Fig. 7, suggest the presence of water 
as an impurity. An approximate calculation gives 2 per cent as an esti- 
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Fig. 8. Refractive index, coefficient of reflection and extinction coefficient for 
A, Glycerin; B, Ethyl alcohol; C, Methyl alcohol. 








mate of the amount of water necessary to produce the observed absorp- 
tion maxima for ethyl alcohol and glycerin. The corresponding figure 
for methyl alcohol is 10 per cent. Although the alcohols used were 
specified by the manufacturer as “absolute,” it is possible that the 
amount of water absorbed from the atmosphere in the process of filling 
the cells, together with that initially present, may have reached 2 per cent. 
However, in the case of methyl] alcohol it is improbable that the per- 
centage of water necessary to produce the observed values of absorption 
which lie above the general level of the curve was present, and the low 
absorption maximum observed near \ 2 cm is doubtless real. 
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The transmission data for water (Fig. 7) place a strong absorption 
band at \2 cm and a weaker one near \0.7 cm though there are not 
enough observed points in this region to determine the position of the 
second band closely. The portion of the curve drawn from electric 
wave data is connected by a dotted line with the values obtained by 
Rubens in the infra-red.® 

The indicated points on the dispersion curve n, Fig. 7, are computed 
from measured values of the reflecting power R and the extinction coeffi- 
cient nx. To determine the course of the curve more definitely, addi- 
tional points were computed from interpolated values of R and mx. 
The index of refraction decreases from its high value 9 for very long waves 
to the value 5.3 for \ 0.42 cm by a series of steps, each step corresponding 
to an absorption band. From the course of the dispersion curve at 
40.4 cm and at \ 0.01 to 0.03 cm as determined by Rubens, a third step 
corresponding to an absorption band near } 0.2 cm is indicated. 

The values of » obtained by Eckert! and Lampa® are included in 
the chart. The location of Lampa’s observed points seems to show 
Lampa’s shortest waves even longer than the 7 mm assigned to them by 
Mobius. 

It is of interest to compare, in Fig. 7, the observed n, R, and nx curves 
for water with those computed by Rubens from Debye’s theory. The 
observed and computed curves agree well in the extreme infra-red and 
for wave-lengths greater than 4 cm, regions well removed from the 
principal absorption band. The discrepancies in the intermediate region 
are evidently due to the assumption, for purposes of computation, of a 
single absorption band rather than the threefold one suggested by the 
present measurements. 

The writer wishes to express his gratitude to Dr. E. F. Nichols for his 
constant interest and many helpful suggestions, and to Miss Ruth Sublett 
and Miss Marion Smith for their assistance in taking the observations. 


NELA RESEARCH LABORATORIES, 
NATIONAL LAMP WoRKS, 
CLEVELAND, OHIO, 
December 20, 1922 
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ELECTRON EMISSION FROM METALS AS A FUNCTION OF 
TEMPERATURE 


By SauL DUSHMAN 


ABSTRACT 


Electron emission from metals as a function of temperature.—(1) General 
equation. The emission of electrons from a metal may be considered as 
thermodynamically equivalent to the evaporation of a monatomic gas, for 
which an equation is derived on the basis of the Nernst heat theorem. If it is 
assumed that the specific heat of free electrons in the metal is negligible while 
the specific heat of the evaporated electrons is the same as that of a monatomic 
gas, the equation assumes the simple form J = AT*e~/?, where bo = goe/k 
(e is electronic charge, k is the Boltzmann constant, and go = ¢ — $kT/e, 
where ¢ is the Richardson work function). An equation of this form has been 
suggested before but not on the same theoretical grounds and a different 
value of A has been obtained. Its chief advantage over the usual Richardson 
equation, J = A,T'/*e/7, where b = ge/k, is that A is theoretically a universal 
constant. (2) The value of the universal emission constant A is computed in 
two ways. Using the Sackur-Tetrode equation for the chemical constant Zo, 
A comes out 60.2 amp./cm? deg.?, while the theory of rational units of Lewis, 
Gibson and Latimer gives 50.2 amp./cm? deg.?. Recent experimental results 
of Davisson and Germer, and of Schlichter as well as data obtained by the 
writer agree with the new equation as well or better than with the old, but 
the temperature scale is not sufficiently accurately known to distinguish 
experimentally between the two values of A. (3) The relation between A and 
the chemical constant io (or Co) is derived. 

Values of the work function in equivalent volts have been computed from 
the experimentally determined values of bo, for tungsten (4.53), thorium (2.94), 
molybdenum (4.31), tantalum (4.40), and calcium (2.24) within } to 1 per cent. 
The values for uranium (3.28), zirconium (3.28), yttrium (3.19) and cerium 
(3.07) are upper limits. In general, the values are lower the larger the atomic 
volumes. Experimental details will be given later. 


Part I. DERIVATION OF GENERAL EQUATION 


Application of Nernst heat theorem to monatomic vapors.—On the 
basis of the second law of thermo-dynamics it has been shown that the 
heat of vaporization may be calculated by means of the well-known 
relation 

a RT? log Pe (1) 
dT 
where L = heat of vaporization per gram-molecular weight at the abso- 
lute temperature 7’; 
R = gas constant per gram-molecular weight = 1.987 cal./deg.; 
p = vapor pressure at temperature 7. 
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If C, denotes the specific heat of the vapor at constant pressure, and 
Cp that of the solid (or liquid), Z can be expressed as a function of T by 
the following relation: 


T T 
L =Io+ [ CAT — [ oar. (2) 
0 /0 


From Eqs. (1) and (2) it follows that 
T oT 
C,dT c,dT 
eS hale rs 
logp = -F2+5f “, aT-Ef 


T2 
where 7 is an integration constant, which varies only with the composition 
of the substance. 

The quantum theory of specific heats, as developed by Debye and 
others, makes it possible to calculate the actual values of these integrals 
with a very satisfactory degree of accuracy for a large number of sub- 
stances in the solid or gaseous states as the case may be. 

O. Sackur! first showed that in the case of monatomic vapors the 
integration constant 7 could be expressed in terms of a universal constant 
Zo and the molecular weight, by means of the relation 





dT +i, (3) 


$= 19 ot. 3/2 log M, (4) 


where M is the molecular weight. 

This conclusion has been subsequently confirmed by other investigators 
on the basis of dimensional considerations.’ 

At very low temperatures, it has been shown that the integral involving 
C» becomes negligibly small. On the other hand, the specific heat of a 
monatomic gas at constant pressure is constant down to the lowest 
temperatures and is equal to 5/2 R. Consequently, under these condi- 
tions, Eq. (3) assumes the very simple form 


log p = — Lo/RT + 5/2 log T + % + 3/2 log M. (5) 


Application to electron emission.—Now let us consider a metal in 
equilibrium with an electron atmosphere; also let us assume that the 
electron density in the space is so small that mutual repulsions may be 
neglected. We may then consider the evaporation of electrons from a 
metal as thermodynamically equivalent to the evaporation of a mon- 
atomic gas, for the electrons in the space necessarily have the same 
specific heat as the molecules of a monatomic gas. Now, experimental 
evidence shows that as a first approximation we may consider that the 


1 Ann. der Phys. 36, 598 (1911); 40, 67 (1913). 
2? R. C. Tolman, J. Am. Chem. Soc. 42, 1185 (1920); 43, 866 (1921). 
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electrons do not contribute to the specific heat of the metal. That is, 

with the possible exception of metals at extremely high temperatures, 

the specific heat of free electrons in the metal is zero. Hence, c, is 

zero and Eq. (5) must also apply to the case of emission of electrons. 
We may write this equation in the form 


p = N3/2y3/2¢'0T 5/2 LI RT (6) 


where N = Avogadro’s constant = 6.06 X 10% and m = mass of an 
electron = 8.995 X 107% gm. 

Now, according to the kinetic theory of gases, the number of electrons 
n striking the cathode per unit area in unit time is given by the relation 
n = p| VaamkT, where k = Boltzmann’s constant = 1.372 X 107% 
ergs/deg. 

Since the electron atmosphere is in equilibrium with the hot metal, 
it follows that the number of electrons emitted must be equal to the 
number impinging if we assume that there is no reflection of electrons at 
the surface. Hence, the current per unit area per unit time is given by 
I =ne= pe|V 2amkT, where e = charge on electron. 

Combining this with Eq. (6), 


N?mee 
I= eae. 
( Vork ) : (7) 


where bo = L)/R, corresponding to 6 in Richardson’s equation for 
electron emission. 

It is evident that the expression in the brackets is a universal constant. 
Denoting this by A, it follows that the electron emission for any substance 
can be expressed as a function of the temperature by an equation of the 
form 

I = AT*e"", (8) 
where bo is the only quantity that varies for different substances. 

The value of the universal constant A.—(1) According to Sackur ! and 
Tetrode, * the value of the chemical constant 7 is given by the relation 


. 2 3/2 5/2 
49 = toe | OT | ° (9) 


Substituting in Eq. (7), we therefore obtain the following equation 
for the electron emission as a function of the temperature: 


2 
I =ne= (? a) T?ePIT, (10a) 
where the expression in the brackets corresponds to A in Eq. (8). 


1 Ann. der Phys. 36, 598 (1911); 40, 67 (1913). 
? Ann. der Phys. 38, 434 (1912). 
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Using the values k = 1.372 X 107" ergs/deg., m = 8.995 X 10-8 gm, 
h = 6.55 X 10-” erg/sec, . 


A = 1.80 X 10" e.s.u./em? deg.2 = 60.2 amp./cm? deg.?. —_ (100) 


(2) In 1914, G. N. Lewis and E. Q. Adams! developed a theory of 
ultimate rational units according to which the quantum constant is 
connected with the elementary unit charge by a simple numerical rela- 
tion. More recently G. N. Lewis, G. E. Gibson and W. M. Latimer? 
have applied the same considerations in order to calculate the entropies 
of the elements. It can be shown that on the basis of their theory 


k2c38m 5/2 25/2 79/2 ¢—5/2 kme 
(41)8e Vor 15 h’ 
= 1.53 X 10" e.s.u./cm? deg.” 
= 51.2 amp./cm? deg.?. 


(11) 


At the present stage, it is not possible on the basis of available vapor 
pressure data to decide definitely in favor of either of these values of A. 
On the one hand, it has been shown by A. C. Egerton * that the observa- 
tions on the vapor pressures of zinc, cadmium, mercury and argon are in 
very good accord with the Sackur-Tetrode value of 7, and similar results 
have been obtained by W. Nernst. On the other hand, Lewis and his 
associates have made very careful calculations, based on experimental 
data, of the entropies of the four elements, helium, argon, cadmium and 
mercury, and find that in no case does the difference between the value 
of zt) observed and that calculated on the basis of their theory exceed 
the probable experimental error. 


Part II. HISTORICAL AND CRITICAL REMARKS ON THE GENERAL 
EQUATION FOR ELECTRON EMISSION 


The generally accepted equation for electron emission is that first 
enunciated by O. W. Richardson, according to which 


I = A,VTe'?. (12) 


In this equation A, and 0} are constants for any one substance. As 
pointed out by Richardson, } corresponds to L/R, where L is the latent 
heat of evaporation of the electrons. While the theoretical considera- 
tions on which the equation is based have not been considered quite 
satisfactory, the experimentally observed data on electron emission have 
actually been found to be in good agreement with the equation. 

1 Lewis and Adams, Phys. Rev. 3, 92 (1914). 

? Lewis, Gibson and Latimer, J. Am. Chem. Soc. 44, 1008 (1922). 


3 Egerton, Phil. Mag. 39, 1 (1920). 
4 Nernst, Grundlagen des neuen Warme-Satzes, Chap. 13 (1918). 
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That Richardson himself has not been altogether satisfied with the 
validity of this equation is evident from the fact that he has also sug- 
gested an equation similar in form to Eq. (8) above. In his book on 
“The Emission of Electricity from Hot Bodies,’’! he pointed out that 
an equation of this form could be derived on the basis of the quantum 
theory. In the derivation of the value of A, he applied certain hypotheses 
which had been utilized by Debye and Keesom in calculating specific 
heats at low temperatures, and obtained a value which corresponds to 
5 amp. cm~ deg.~? instead of 60.2 (or 51.2) as calculated in Part I. 
of this paper. 

J. Eggert? pointed out that the Nernst Heat Theorem could be 
applied to calculate the degree of ionization of various metals at the 
extremely high temperatures which exist in fixed stars, and utilized for 
this calculation Eq. (6), p referring, obviously, to the pressure of the 
ions (or electrons) produced by dissociation of the metal atoms, and Lo 
to the energy necessary for dissociation into positive ion and electron. 

The same relations were also applied by Megh Nad Saha ® to calcu- 
late the ionization in the solar chromosphere. 

The bearing of Eq. (3) on the problem of electron emission from 
metals has been discussed very recently by both Tolman ‘ and Laue.*® 
Tolman’s argument is briefly as follows. For the evaporation of a 
monatomic gas from a solid, the following entropy relation has been 
shown to be valid: 


S=5/2Rlog T — Rlog P+ S, + 3/2R log M. (13) 


In this equation S denotes the entropy at temperature 7, P is the vapor 
pressure, S; is a constant for all monatomic gases and M denotes the 
molecular (or atomic) weight. 

Tolman points out that while S,; may be calculated on the basis of 
the equation derived by Sackur and Tetrode for io, there is still some 
doubt as to the validity of their arguments, and therefore he prefers to 
use the value calculated by Lewis and Gibson * from experimental data 
for helium. 

According to this calculation, the value of the entropy for He at 298° K 
and 1 atmosphere pressure is 29.2. Hence, 


S; = 29.2 — 3/2 log 3.99 + 4.97 log T — 1.987 log (1.013 X 10°) = 24.21. 


1 Second Edition, pp. 37-41; also Phil. Mag. 28, 633 (1914). 

2 Phys. Zeits. 20, 570 (1919). 

3 Phil. Mag. 40, 472 (1920). 

4R. C. Tolman, J. Am. Chem. Soc. 43, 1592 (1921). 

5M. V. Laue, Jahrb. d. Elektronik u. Rad. 15, 205, 257 (1918). 

6 J. Am. Chem. Soc. 39, 2554 (1917), also R. C. Tolman, ib. 42, 1185 (1920). 
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Tolman assumes now that electron emission is a phenomenon perfectly 
analogous to that of the evaporation of a monatomic substance, and that 
therefore Eq. (13) must also apply to this case. He calculates the 
pressure ~ of the electrons in equilibrium with the metal from the emission 
I. Substituting this value in Eq. (13) leads immediately to a value for 
S, the entropy at the temperature corresponding to the observed emission. 
From Langmuir’s experimental data on the electron emission from 
tungsten, tantalum, and molybdenum at T = 2000, the values of S 
given in the fourth column of Table I. are obtained. 

But S = (F¢ + RT)/T, where ¢ denotes the equivalent potential 
drop which the electrons have to overcome in escaping from the surface 
of the metal at the temperature 7, and F denotes the Faraday constant. 
It is therefore possible also to calculate S from the observed value of ¢. 
These have been determined by Lester! for the above metals and are 
given in the second column of Table I. The values of S calculated on 
this basis are given in the third column of the table. 

Still another check on the value of S may be obtained by means of 
the fundamental equation (1) combined with Richardson’s equation. 
On this basis, 

we dlog p _ d log (I/VT) 
S=7= RT-—_— = RT- aT . 
That is, S can be calculated from the rate of change of the electron 
emission with temperature. The values of S thus obtained are given 
in the last column. 








TABLE I 
> | S (from ¢) | S (from J) | S (from slope) 
CC 4.478 53.6 53-3 54.1 
(ae 4.511 54.0 52.3 51.6 
4.588 | 54.9 51.0 51.6 


Molybdenum...... 


The agreement between the values of the entropy calculated by the 
different methods leads to the conclusion that the assumptions involved 
in the application of Eqs. (3) or (13) to electron emission are justifiable. 
The exact nature of these assumptions has been discussed rather fully 
by Tolman and also by Laue, so that consideration of this phase of the 
problem may be omitted in the present connection. 

Relation between entropy constant, chemical constant and A in Eq. (8). 
—lIt is well in this connection to state briefly the relation between the 
constant S; used by these investigators and the chemical constant 1% 


1 Lester, Phil. Mag. 31, 197 (1916). 
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introduced in the first part of this paper. This relation is easily derived 
from the following considerations: 

For the evaporation of electrons at the temperature 7, it has been 
shown above that Eq. (2) reduces to L = L1y)+C,T7. Therefore, 


S = L/T = LT + C,. 


Substituting for S in Eq. (13) and comparing this with Eq. (5), we 
obtain the relation 
to = (Si — C,)/R. (14) 


By means of this equation combined with Eq. (7) it is therefore possible 
to calculate the constant A for any given value of S). 

It is usual in discussions of vapor pressure data to replace the constant 
io by Co = i9/2.303, since this makes it possible to use ordinary logarithms. 
As this latter constant is the one usually given in most publications on 
this subject, it has been considered worth while to tabulate for reference 
the corresponding values of Co, S;, and A based on the theories of Sackur 
and Tetrode on the one hand and of Lewis and his associates on the other. 
The value of S; used by Tolman and the corresponding value of A are 
also given for comparison. 





| | | 
S; | Co = 4/2.303 | A (amp./cm? deg.?) 





a 25.19 — 1.5877* 60.24 
; 4-4178T 
Ee et Pree 24.87 4.354T 51.2 


NE: fincnise sea Casa eninan ee 24.27 | 38.4 


* Pressure in atm. 
+ Pressure in bars. 


Accuracy of determination of A from electron emission data.—In 
view of the relation between the value of A and that of S; (or Co) it 
would appear at first glance as if evidence in favor of one theory or the 
other might be obtained from electron emission data. 

From Eq. (8) it follows that 

7 A log (1/T*) 


A(a/T) (15) 


Consequently it is possible to derive a value for by independently of any 
assumed value of A, by plotting log (J/T*) against 1/T and noting the 
slope of the resulting straight line. From this value of do, that of A 
may then be obtained by direct substitution in Eq. (8). 

The difficulty, however, in using this method to determine the value 
of A, arises from the very form of the above equation, where by and T 





> ~ee - 
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both enter into the exponential factor, while A is a coefficient of this 
factor... Hence, the slightest error in the determination of either 0p 
or T leads to a considerably greater error in the resulting value of A. 

Thus for the case T = 2000, and bp = 50,000, it can be shown that an 
error of one per cent in bo produces an error of 25 per cent in that of A. 
Hence, to attain a sufficiently high degree of accuracy in the determina- 
tion of A, for the present purpose, it would be necessary to obtain values 
of bo accurate to at least 0.25 per cent. 

The accuracy of temperature determination varies for different metals. 
In the case of tungsten, for which as a result of the work of Langmuir, 
and of Worthing and Forsythe, the temperature scale is most accurately 
known, it is possible to measure temperatures in the range 1500—-2500° K 
with an accuracy of 5 degrees. This is, nevertheless, not exact enough 
to settle the question as to the most satisfactory value of A. 

While the theory advanced by Lewis and his associates must be re- 
garded as much more reasonable than that postulated by Sackur and 
Tetrode, it has been found in the case of tungsten that with the tempera- 
ture scale used by Worthing and Forsythe, the observed electron emission 
data are in somewhat better agreement with the value A = 60.24 
amp./cm’deg.?. It is, however, obvious, as a consequence of the consider- 
ations mentioned above, that this result cannot be regarded as a direct con- 
firmation of the Sackur-Tetrode theory. For the present purposes, we 
must merely regard the value of A given above as one which is in satis- 
factory agreement with the standard temperature scale for tungsten. 
It is, therefore, the value which will be adopted in this paper and in 
subsequent ones on electron emission. 

Application of the equation for electron emission to the determination 
of true temperatures.—The equation for electron emission, as derived 
on the basis of the considerations stated in the previous section, can be 
expressed in a form which is much more convenient for calculation as 
follows: 

logio (1/T?) = 1.7792 — bo/2.3037, (16) 


where J = emission in amp./cm? at the temperature 7. 

There is an interesting application of this equation which ought to 
be pointed out in this connection. It is evident that at any given 
temperature 7, the emissions J’ and J” for two different substances are 
connected with the corresponding values bo’ and bo” by the relation 


logio I’ — logio I’ = (b0’ — bo”’)/2.303T. (17) 


Thus, given any substance for which })’ is known, it is possible to 


1 This has also been pointed out bv Richardson, loc. cit., p. 86. 
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determine },’’ for the other substance by enclosing the two in a ‘‘ Hohl- 
raum”’ (“black body”’ enclosure) and measuring the relative emissions. 
For this purpose it is not at all necessary to know the temperature of the 
enclosure. The value of 7 in the above equation is determined from the 
observed value of log J and the corresponding value of bo. Once bp’ is 
determined by this method for the second material, it is obviously pos- 
sible, by going back to Eq. (16), to determine a true temperature scale 
for this material. That the electron emission may be used to measure 
temperatures has been pointed out by Richardson and others. However, 
this method is not so directly applicable if Richardson’s equation is 
adhered to, since this involves also a knowledge of the integration con- 
stant A in the latter equation, whereas assuming the validity of Eq. (8), 
the determination of a true temperature scale for any substance becomes 
a much simpler matter. 

Thermionic work function.—In the derivation of Eq. (8), do = Lo/R. 
This constant is related to the thermionic work function ¢o, at the 
absolute zero, by the relations 


do = Ly/Ne = Rbo/Ne = kbo/e = 8.62 X 107*do volts. (18) 


Denoting the work function corresponding to } in Richardson’s equa- 
tion by ¢, it follows that 


= ¢+=-T (19) 
2 € 
and 
b = by +3r. (20) 


A number of investigators have attempted to measure ¢ directly by 
observations on the cooling effect produced by the evaporation of the 
electrons. In a previous connection, mention has been made of Lester’s 
measurements in the case of several metals. The most recent contribu- 
tion on this subject is by C. Davisson and L. H. Germer ! who made some 
extremely accurate observations in the case of tungsten. It is of interest 
to point out the relation between the experimental data obtained by such 
measurements and the values of ¢» as determined from emission data at 
different temperature. 

If we assume that the electrons in the metal do not possess any thermal 
energy of agitation, and denote the observed cooling effect at the tem- 
perature T by P (in volts), it can be deduced from simple considerations 
that 

Pe = oe + 2kT. (20) 


1 Phvs. Rev. 20, 300 (1922). 











tee ee rents TE 2 Qe ee Re cr 























Qe resES Teer Er we 





632 SAUL DUSHMAN 


That is, the energy absorbed per electron leaving the surface is equal 
to the work done against electrical forces (see subsequent portion of this 
paper) plus the kinetic energy of the emitted electrons. As shown by 
Richardson,! the average kinetic energy of the emitted electrons is 2kT 
and not 3/2kT. 

Davisson and Germer find that in the case of the electron emission 
from tungsten, 9 as derived from calorimetric determinations (7.e., by 
means of Eq. (20)) is 4.52 volts, whereas direct measurement of the 
emission as function of temperature leads to the value 4.48 volts. The 
agreement between the two values may be regarded as very satisfactory, 
as it is well within the limits of experimental errors. 


PArT III. EXPERIMENTAL RESULTS 


In a series of subsequent papers, experimental data will be given to 
demonstrate the validity of the equations deduced in this paper, over a 
large range of temperatures, for several different metals. However, 
the electron emission data on tungsten recently published by Davisson 
and Germer® serve as a confirmation of the validity of Eq. (10) by inde- 
pendent observers. 

These data are given in the first and third columns of Table II. The 
first column gives the value of T on the basis of the scale used by Worthing 
and Forsythe, while the fourth column gives the values of log,» J, where J 
denotes the electron emission in amperes per cm?, as calculated from the 
values observed for a filament of area 0.1825 cm’. The observed emis- 
sions are given in the third column. From these data the values of do 
given in the sixth column were calculated by means of Eq. (10). The 
average of these values is 51,860. 

Fig. 1 shows the values of logy (J/T?) plotted against 1/7. As has 
been pointed out in Part I., a satisfactory test of the validity of Eq. (8) 
or (10) is obtained when the value of bo calculated from the slope 
A logio (1/T?)/A(1/T) is found to be in agreement with the values of do 
calculated from the emission data at different temperatures. The slope 
of the straight line drawn through the points in Fig. 1 is actually observed 
to be identical with the average value of bo given in Table II. 

Such a test has also been applied to data published by W. Schlichter 
on the electron emission from platinum and nickel.® 

Table III. gives the values of bo calculated from the emission data for 
platinum. It will be observed that the greatest deviation from the aver- 

1 Loc. cit., p. 156. 


2 Loc. cit. 
3 Ann. der Phys. 47, 573 (1915). 
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Fig. 1. Plot of emission data for tungsten obtained by Davisson and Germer. 


TABLE II 


Electron Emission Data for Tungsten Filament (Area = 0.1825 cm*) Obtained by Davisson 
and Germer * 


eae 


at ake 


= : 


T + 10 


\log J— vee log IJ—0.5 log T 


bo + § 








1935.5 . | O. 0.7091 | 6.1355 | 51,890 0.0658 
1986.5 ‘ .197 1.0340 0.4378 51,880 0.3850 
2036.0 ‘ “2 1.3373 0.7197 | 51,860 0.6829 
2077.5 ‘ .67 1.5703 | 0.9351 51,880 0.9116 
2086.5 -47 ‘ 1.6228 0.9838 51,900 0.9631 
2102.0 d | O. 1.7102 | 1.0650 51,840 1.0489 
2131.5 , ; 1.8729 1.2155 51,840 1.2086 
2134.5 . | 1.8907 | 1.2321 51,870 1.2261 
2158.0 ‘ ‘ 2.0180 | 1.3500 51,820 1.3510 
2182.0 .4582 ; 2.1433 1.4655 51,810 1.4739 
2204.0 ‘ ee 2.2532 1.5668 51,820 1.5816 
2231.0 ‘ | 4. 2.3828 1.6858 | 51,820 1.7086 
2235.0 , | 4. 2.4022 1.7036 | 51,870 1.7276 
2271.5 : ' 2.5761 1.8635 | 51,880 1.8980 
2280.0 ‘ gg: 2.6076 1.8918 51,920 1.9287 
2306.0 ‘ | 9. 2.7297 2.0041 51,900 


ete RES. ae bt 


> 














Avg. 51,860 


* Ordinary logy are used in this table. 
42 
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age value 49,250 is about one half per cent. The same value is obtained 
from the slope directly. In the case of nickel, the average value of Do 
calculated from the emission data is 47,800, and the value obtained from 
the slope is 48,000. 

TABLE III 


Schlichter’s Data on Emission from Platinum (Area = 23 cm?) 





T it X 108 (amp.) hy 





49,300 
49,200 
49,100 
49,300 
49,200 
49,000 
49,100 
49,100 
49,300 
49,500 








Avg. 49,250 


While these results and numerous observations by the writer and his 
associates thus show satisfactory agreement with the deductions based 
on Eq. (8), it is however only just to point out that all these observations 
are equally well represented by an empirical equation involving 7'/? 
instead of T?. Richardson and other observers have in fact noted that 
within the limits of experimental error it is impossible to show by plotting 
either logy (7/7?) or log (I/ VT) against 1/7 that either set of data gives 
a better straight line. 

Table II. gives in the last column values of logio (I/VT) calculated 
from Davisson and Germer’s observations. As is evident from Fig. 1, 
the plot of these data is a straight line, which differs only in the value of 
the slope (6) = 55,410) from the plot of logi) (J/T?)._ The reason for this 
lack of any difference between the plots is the practical impossibility of 
measuring emission data over an extremely wide range of temperatures. 
Thus, in the case of tungsten, over a temperature range from 1000° K to 
2500° K, the emission increases in the ratio 10% approximately, while 
the ratio of values of 7"? is 1.58 and of 7?, 6.25. 

The advantages in the equation derived in the present paper lie firstly 
in the theory underlying its derivation and secondly in the conclusion 
that the integration constant A is the same for all metals. Consequently 
it is possible to determine bo for any substance by measuring its emission 
at only one temperature instead of at two or more. 

The values of 6) obtained for a number of metals are given in Table 
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IV.!_ In the case of tungsten and that of thorium (obtained from 
thoriated tungsten filaments), the values are accurate to about one half 
per cent, while in the case of molybdenum and that of tantalum the degree 
of accuracy is probably one per cent. This is largely due to lack of very 
accurate temperature data for these metals. The emission for uranium, 
zirconium, yttrium, and cerium was measured on tungsten filaments 
containing additions of these elements as oxides (in a manner similar to 
that in which thoria is added to tungsten). It is not certain that in all 
these cases the maximum emission observed corresponded to that of a 
surface completely covered with a layer one atom deep of the added 
element, as the latter are much more volatile than thorium under similar 
conditions. Hence, the values of 69 obtained for these elements must 
be regarded as upper limits. — 

The value of bo for calcium corresponds to the maximum emission 
observed when evaporating the metal in a vacuum and allowing it to 
condense on a tungsten surface. 

The third column of Table IV. gives the corresponding values of @o. 
Schottky ? and subsequently Langmuir * applied the theory of electrical 
images to calculate the distance x» at which the electron leaving the metal 
ceases to be attracted by the charge induced on the surface. According 
to this theory, ¢o = e/2Xo. 

Converting to volts 


Xo = 7.16 X 107*/¢o cm. (22) 
Now it is reasonable to expect that this distance should be less than 
the molecular diameter o, and that the ratio x9/¢ should be greater the 


more electropositive the element. The value of o can be calculated 
from the atomic volume V by the relation 


o = 1.33 X 10°34, (23) 


Table IV. gives the values of xo, ¢ and xo/o calculated by means of these 
equations for the different elements. 

One point that seems to be well established by these results is that the 
value of bo (or ¢o) is just as specific a constant for each element as its 
ordinary latent heat of evaporation. On the basis of some measurements 
of ¢ obtained by Lester for the elements molybdenum, carbon, tungsten, 


1 The observations in the case of W, Th, Mo, Ta and Ca were made in conjunction 
with Mr. H. N. Rowe and Mr. C. A. Kidner, while those on Zr, Yt, Ce and U were made 
by Mr. D. M. Dennison. The emission data on which the values of bo are based will 
be published in subsequent papers. 

* Schottky, Phys. Zeits. 15, 872 (1914). 

3’ Langmuir, Trans. Am. Electrochem. Soc. 29, 125 (1916). 
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and tantalum, Richardson has suggested that the work functions might 
be found to be the same for all substances.! The data in Table IV. 
and reliable data on the values of @ for different oxides published in 
Richardson’s book, however, show definitely that the above suggestion 


is quite untenable. 
TABLE IV 


Values of bo, 0, Etc., for Different Metals 


| 


| 
Metal do | Xo xX 108 | « X 108 Xo/o N 





Calcium 2.24 3.19 3.95 0.81 20 
Yttrium 3.19 2.25 3.80 0.59 | 39 
Zirconium 3.28 2.19 3.22 0.68 40 
Molybdenum .. 4.31 1.66 2.93 0.57. | 42 
OE 5 3.07 2.33 3.63 0.64 | 58 
Tantalum 4.31 1.66 2.95 0.56 = | 73 
Tungsten 4.53 1.58 2.81 0.56 | 74 
Thorium 2.94 2.44 3.68 0.66 90 
Uranium 3.28 2.19 3.10 | 0.70 | 92 














It is, of course, of interest to determine, if possible, the relation between 
by for any element and other properties of this element. The results 
obtained so far, however, are insufficient to be more than suggestive. 
It is evident that bo (or ¢o) is lower, the greater the atomic volume (or 
atomic diameter). Also, apparently xo/o is a periodic property of the 
atomic number N with a maximum value which tends to approach I 
for the alkali and alkaline earth elements, while for elements of group VI. 
(tungsten, molybdenum, and uranium), the value ‘of this ratio is a 
minimum. Further investigations on the electron emission from other 
metals must be carried out before any definite theory on this subject 
can be formulated. . 


RESEARCH LABORATORY, 
GENERAL ELECTRIC Co., 
SCHENECTADY, N. Y., 
January 4, 1923 
1 Loc. cit. p. 189. 
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THE SCATTERING OF ELECTRONS BY A POSITIVE NUCLEUS 
OF LIMITED FIELD 


By C. DAvisson 


ABSTRACT 


Theory of the angular distribution of electrons scattered by a positive 
nucleus of limited field.—(1) Simple theory. It is shown that if a random 
distribution of electrons moving on parallel lines with a common velocity, 
corresponding to V volts, is projected into a central field of force given by 
E/r for values of r < p, and by zero for r > p, the intensity of scattering in a 
direction making an angle W with the incident beam will be proportional to 
[(2u — 1)/[(2u — 1)2(1 + cos ¥) + (1 — cos ¥)]}?, where u» = Vp/E, provided 
the variation in mass of the electron with speed is disregarded. (2) Allowing 
for variation of mass of the electrons with speed so that the trajectories of the 
electrons through the limited field conform to the orbits calculated by C. G. 
Darwin, the distribution patterns will depart considerably from those calculated 
on the simple theory, particularly for small values of V. Semi-graphical 
methods are developed for constructing the distribution curves when V, p, and 
E are given. (3) Taking into account the mutual energy of electron and nucleus 
according to the view suggested recently by H. A. Wilson, the actual scattering 
patterns may be expected to conform closely to those calculated on the simple 
theory. 


HE experiments of Geiger and Marsden! established the important 
fact that the angular distribution of a-particles scattered by 
various metals is in accord with the single scattering theory developed by 
Rutherford.?, On this theory the positive charge of the atom is con- 
centrated in an exceedingly small nucleus at the center of the atom 
structure, and the field about this nucleus is central with an intensity 
given by E/r*, where E represents the nuclear charge, and r the dis- 
tance from its center. Further experiments by Chadwick*® established 
what had already been suggested by Geiger and Marsden’s results, that 
E is given by Ne, where N represents the atomic number of the scattering 
metal, and e the elementary electron charge. It was also shown from 
the data of these experiments that in the case of gold and platinum the 
inverse square law of force must hold quite accurately between the 
limits r = 3 X 10°’ cm andr = 4 X 107 cm. These limits correspond 
respectively to the nearest approach of the a-particle to the nucleus in 
a head-on collision, and to the distance between the nucleus and the 


+1 Geiger and Marsden, Proc. Roy. Soc. A 82, 495 (1909); A 83, 492 (1910); Phil. 
Mag. 25, 604, 1913. 

2 Rutherford, Phil. Mag. 21, 669 (1911); 22, 488 (1914). 

8 Chadwick, Phil. Mag. 40, 745 (1920). 
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line of approach of an a-particle which suffers the least measurable 
deflection. 

In the theory referred to it is assumed that the field about the nucleus 
is unlimited, that is, that its intensity is given by E/r* for all values of r. 
This is permissible in the case considered on account of the great energy 
of the a-particles. All appreciable deflections occur so close to the 
nucleus that the nature of the field beyond r = 10~'° cm is entirely 
unimportant. It is unnecessary, therefore, to take into account the 
effect on the field of the structural electrons as these lie outside this 
limit. Or, to state the case more accurately, the agreement between the 
calculated and observed distributions of scattering is evidence that the 
structural or orbital electrons in the atoms investigated do lie outside 
this limit. 

It is evident, however, that the assumption of an unlimited field, 
even for purposes of calculation, will not in general be permissible in 
considering the scattering of 8-particles and more slowly moving electrons. 
The energy of even the most swiftly moving 8-particles is small compared 
with that of a-particles, and appreciable deflections would occur in an 
unlimited field at distances from the nucleus which are greater than the 
distances to the nearest electrons. It is to be expected then that de- 
partures from the inverse square field arising from the shielding action 
of these electrons will give rise to corresponding departures from the 
distribution of scattering observed in the case of a-particles. Such 
departures have been observed recently by Schonland! in the distribu- 
tion of B-particles scattered by various metals and have been ascribed 
to this action. In the case of slow moving electrons the writer and Dr. 
C. H. Kunsman®? have published preliminary results for nickel which 
show that the angular distribution of scattering is so greatly affected 
by the outlying electrons in the atom that it bears no resemblance 
whatever to that deduced by Rutherford for a-particles. 

What we require then for the proper interpretation of electron scatter- 
ing is a calculation similar to Rutherford’s for a-particles, but modified 
to allow for the shielding action of the structural electrons. As a first 
step it may be assumed that the field intensity about the nucleus is given 
by E/r’ for values of r less than a particular value p, and that for all 
values of r greater than p the intensity is zero. This is the case treated 
in this paper. While these field conditions are doubtless much simpler 
than those obtaining in any atom, it nevertheless appears from further 
experimental results which we shall publish in the near future that they 


1 Schonland, Proc. Roy. Soc. A 101, 299 (July, 1922). 
2 Davisson and Kunsman, Science, 54, 1404, 522 (Nov. 25, 1921). 
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sufficiently represent conditions in some of the lighter atoms, such as 
magnesium and aluminium, to account for the main features exhibited 
by the scattering of low speed electrons by these elements. 

The calculation is carried through in the first instance without regard 
to the variation of mass of the electrons with speed. The most striking 
results are that the angular distribution of scattering is a function of a 
single parameter » = Vp/E, where V is the potential drop through which 
the electrons acquire their incident speed, and that for values of yu less 
than unity the maximum intensity of scattering is in the direction oppo- 
site to that of the motion of the electrons in the incident beam. The 
variation in mass of the electron with speed is then considered, and it is 
found that when this is allowed for the distribution depends upon V as 
well as upon uw. It has not been found possible in this case to arrive 
at an explicit formula for the intensity of scattering as a function of yu 
and V, but semigraphical methods are developed for constructing the 
distribution curve for any pair of values of these quantities. 


THE SIMPLE THEORY 


An electron moving downward in Fig. 1 with velocity v enters the 
field of the positive charge E at the point A, executes a portion of a conic 
orbit in this field and emerges at the point B. We first require an expres- 


sion for the angle Y between the two straight branches of the trajectory. 





TRAJECTORY OF ELECTRON THROUGH 


LIMITED INVERSE SQUARE FIELD 


Fig. 1 


If d and 6 represent the distances from E to the line of approach of 
the electron, and to the apse of the orbit respectively, then by the equal 
areas theorem, vd = vob, where v is the apsoidal velocity. 
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From energy considerations 3m(v2 — v?) = eE(1/b — 1/p). Elimina- 
tion of vo between these equations gives 
3mv*(d?/b?> — 1) = Ve(d?/b? — 1) = Ee(1/b — 1/p), 


where V represents the potential drop through which the electron acquired 
its incident velocity. Solving this equation for 6, we obtain 


2d°V 
E - = 


_ ” ZV? ~ E\ pe. 
=P E(8) 


The two values of 6 are the distances from E to the apses of the two 


Lo 


branches of the trajectory, in the case of hyperbolic orbits, or the dis- 
tances from E to the extremities of the major axis, in the case of elliptic 
orbits. If the equation of the orbit in polar coérdinates is r = p/(1 + 
e cos 9’), these same distances are given by b = p/(1 + €«). We have, 
therefore, for the constants of the orbit 


2/7 2772 i‘ 1/2 
pare and e=[1 44 G-7)]" 


If © represents the value of 9’ for the electron at A, and a@ represents the 


angle EAC (Fig. 1), then 3V + a+ 0 = a, and cos $V = sina sin® 
— cos acos9. Now p = p/(1 + € cos 9), so that 


2 1/2 
cos = 1(2—1) and sino = *[ e- (2-1) | . 
e\p € p 


Also sin a = d/p and cos a = (p? — d’)'/*/p._ Substituting these values 


into the equation for cos ¥/2, 
cos W/2 = (1/ep)[d(e — (p/p — 1)*)* — (p/p — 1)(p? — a?)'?]. 


Combining the values found above for ¢ and p, we find @=1+ p?/d?—2p/p 
so that d(é — (p/p — 1)?)"* = (p/p)(p? — d*)"? and the expression for 
cos W/2 becomes cos W/2 = (p? — d?)"?/ep. We have then cos ¥ = 
2 cos? 3W — 1 = [(2 — &)p? — 2d?j/ep*. Substituting for é@ and rearrang- 
ing, we find ! 

(p? — d*)E? — d(2Vp — E)? 


‘os V = . 
_ (p? — d’)E® + d*(2Vp — E)? 


If the system here considered is under random bombardment by 
electrons of uniform speed incident along parallel lines, the number of 
electrons approaching the nucleus per second in the range d + }Ad 


1 An equivalent formula given recently by. H. A. Wilson is referred to at the end of 
this article. 
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will be dn = (27Nd)Ad, N representing the number of electrons passing 
per second through unit area at right angles to the incident beam. These 
will turn up after deflection in the angular interval Y + }AW correspond- 
ing to the solid angle element d2 = 27 sin WY AW. The intensity of 
scattering in the direction WV is, therefore, 


dn _ y_d-Ad N A 


i, ae @ Bae =< 
dQ sin VW AV 2 Acos¥ 


Solving the equation for cos YW, for d* and differentiating this with respect 
to cos V and substituting into the expression for Jy, one obtains finally 


-" 2 ao 
ities i- = 1)*(1 + cos ¥) + (1 — =¥ | | 


where y» has been written for the ratio Vp/E. This is the formula given 
in a preliminary note ! without derivation. 

The distribution of scattering represented by this formula has the 
following properties: 


(1) the distribution for 4 = 4 + is the same as the distribution for 
w=%3-—. Negative values of uw, however, have no physical 
significance; 

(2) for » = 3, Ty is infinite in the direction ¥ = 0 and zero in all other 
directions; 

(3) for « = O and w = 1, Ly is independent of WV, that is, the electrons 
are scattered uniformly in all directions; 

(4) for 1 > w > oO, the maximum J, is in the direction ¥ = 0; 

(5) for u» > 1, the maximum J, is in the direction ¥ = 7; 

(6) for p infinite, the equation reduces to a form equivalent to that 
representing a-ray scattering. 


These properties are exhibited graphically, except the last, by the family 
of curves shown in Fig. 2. 

It will be noted that 4» = Vp/E is the ratio of the kinetic energy of the 
electron as it enters the field to the kinetic energy it would have acquired 
in falling to this point from an infinite distance in an unlimited field. 

An idea of the order of magnitudes of the quantities involved may be 
gained from the fact that if E=nX4.774X10-" e.s.u. and p=m X10 
cm, then u has the value unity when V = 143 X n/m volts. 


1 Davisson and Kunsman, Science, 54, 1404, 522 (1921). 
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Fig. 2 


THEORY BASED ON DARWIN’S ORBITS 


We now consider to what extent the variation in mass of the electrons 
with speed may be expected to affect the distribution of scattered 
particles. 

It has been shown by C. G. Darwin! that if the longitudinal and 
transverse masses of the electron are taken respectively as m(1 —v"/c?)~*”? 
and m(1 — v?/c?)-"/?, the orbit of such an electron projected into the field 
of a positive nucleus will be given by 












P oot mw tan x sin x = cos x — cos (6 cot uw tan x + x), 
r 





where p, 7 and 0 represent respectively the distance from the nucleus to 
the line of approach of the electron, the radius vector, and the angle 
measured from the direction of approach of the electron as indicated in 
Fig. 3. x and uw are constants of the orbit that may for the present be 
left undefined. 

If in this equation we replace 0 by 0’ + 6, where @ is a constant, the 
value of © may be chosen to satisfy the condition: 8 cot ptanx+x=-7. 


1 Darwin, Phil. Mag. 25, p. 201 (1913). 
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The equation then takes the form r = p’/(1 + «’ cos y 8’), where y has 
been written for cot u-tan x. The value of y as derived by Darwin is 
[1 — (a?/p*) cot? Bt, where a = Ee/mc? and sin B= vic. E and e 
represent the charges of the nucleus and electron respectively, m the 
limiting mass of the electrons for low speeds, v the initial velocity of the 
electron at an infinite distance from E£, and c the velocity of light. 





TRAJECTORY OF ELECTRON 


(DARWINS NOTATION) 


Fig. 3 


Referring again to Fig. 1, we may carry through the argument as 
before, at least to a certain point. We have, now, to replace the approxi- 
mate conditions of ordinary mechanics by the more general conditions 
of the relativity theory. The conservation of angular momentum now 
leads to the relation vp/cos B = vd/cos B = vob/cos Bo, or p tan B = dtanB 
= 6 tan Bo, where B and Bp correspond respectively to the velocities v 
and up. And the ordinary expression for the kinetic energy of the 
electron is replaced by K.E. = mc*(1/cos 8 — 1). The conservation of 
energy then leads to the relation mc?(1/cos By — 1/cos 8) = Ee(1/b — 1/p). 
Eliminating 8) between these equations and solving for b, we find 


d* tan? B — a 


Oe. 
a _—_ 
cos B p 


I d? tan? B — a* |"? 
I a\? a’ 
cosB p 


We also have from the general equation b = p’/(1 + «’). It does not 
follow immediately that the numerator of the first expression for b and 


I —_ 


the irrational quantity in its denominator are the values of p’ and é’ 
respectively. We will assume, however, from analogy with the former 
case that they are these quantities, and proceed to reduce them to more 


SOE Ne ae I PUTT Ses en ee. se = or = 5 
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convenient form. The condition of constant angular momentum enables 
us to write 7? = 1 — a*/p cot? 8 = 1 — a?/d? cot? B from which we have 
d* tan? B — a? = d*7’ tan’ 8, and a = d(1 — y’)'? tanB. Also, since Ve 
is equal to the kinetic energy and a = Ee/mc*?, Ve = (Ee/a)(cos™ 6B — 1) 
and a = (E/V)(cos“ B — 1) = (p/u)(1 — cos B)/cos B, where p = Vop/E, 
as formerly. Writing this into the expression for y?, we have 
y? = 1 — (1/u?6)(1 — cos B)/(1 + cos B), where 6 = d/p. When the ex- 
pressions for p’ and ¢’ appearing in the expression for b are transformed 
by means of these relations, we find that writing o = (I — cos 8), 
(1 + cos B) = 2 — a, p’ = [p/(u — o)][u*(2 — o)& — o] and 


é = ai - [(u — 1)(2 — @)(u(2 — 0) — 0) + (1 — 0]. 


Setting o equal to zero, these reduce to the values found for these quan- 
tities on the simple theory, as they should, for this amounts to regarding 
the velocity of light as infinite, and reducing the treatment to that of 
ordinary mechanics. 

Returning again to the general equation for the orbit, we see that if 
@/2 be used to represent the value of 9’ for the electron as it enters the 
field (r = p), then cos y 8/2 = (1/e’)(p’/p — 1) and 


cos y 8 = 2(1/e’)*(p’/p — 1)? — 1, 


6 being the total angle through which the radius vector turns while the 
electron remains in the field. Substituting into this the expression found 
for p’ and ’, we find 
2{1 — (2 - |? 
cos y 8 = ( o)ne] — i, 


(1 — a)? + (2 — o)(u — 1)[u(2 — @) — o]® 


| ; I 
1ht- > 
(2 — o)we 


We have then the means of calculating 6 for any combination of values 

of wu, dando. Since Ve = mc*a/(1 —), 

_ Ve 
mc 


where 


o /|: ao 5 | = 1.96 X 10° *V/(I + 1.96 X 10°*V) 
mc? 
for V in volts. Having determined 9, the angle V in which we are really 
interested can be calculated from VY = 27 — (2a + 8), where, as before, 
a = sin“ d/p = sin 6. 
In connection with the simple theory it was found that 


_N A 


I,= . . 
” 2 Acos Vv 
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This is at once applicable to the present case and may be written 


Thus if we choose particular values of u and o, (V), values of cos ¥ 
can be found for a-series of values of 6. Plotting then 6 against cos ¥, 
values of Jy can be found from the slope of the resulting curve. 











=~ _— 
: ¥ > 
2 > > 
Lo = 
03) 
oe 
07 Aa» Ye 
(SIMPLE THEORY) 
Os 
os * ‘ 
5 AGAINST Cos ¥ 
ed FOR 
ae \y (2-¢) 
os 
oz 
‘V+ 400 VOLTS 
ol ‘V- 200 VOLTS 
V- 100 VOLTS 








10 -08 -06@ -04 -02 oo 602 o4 (oy 10 
cos ¥v 


Fig. 4 


In Fig. 4 curves of & against cos W are shown for up = %4(2 — @), and 
a series of values of V. The heavy curve is the graph of & against cos ¥ 
on the simple theory for the corresponding value of u, (u = 4), and is 
independent of V. It will be noticed that as V increases, the distribution 
departs more and more from that calculated on the basis of ordinary 
mechanics. Starting with cos ¥ = — 1, (W = — 7m), the intensity is 
greater than on the simple theory, as indicated by the greater slope of 
the curve, for all values of Y back to a critical value, ¥’, depending upon 
V, where it becomes infinite. For lower values of 6 the curve turns 
back indicating a second group of particles scattered in the interval 
between VW’ and VW = — z. The intensity of this scattering is much less, 
however, than that of the first group considered. That the slope of this 
second section of the curve is of opposite sign to the first is due to the 
fact that in this region W decreases as 6 decreases, whereas in the first 
section V increased as 6 decreased. The intensities are positive in both 
cases. The branch of the curve of which the “second section’”’ is the 
beginning continues indefinitely and is asymptotic to & = o/(2 — o)y’. 
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The electrons that strike inside this particular value of 6 fail to emerge, 
or would if the theory represented all of the facts. They are of the class 
of electrons that, as shown by Darwin, spiral into the nucleus. 
On the simple theory 
° I — cos V 


~ {au — 1)? + 1] + [(2u — 1)? — I] cos ¥ 


The family of curves corresponding to this equation is shown in Fig. 5. 
The analogues of the various properties of the distribution curves shown 
in Fig. 2 may be easily recognized. 
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Fig. 5 


Three corresponding families of curves based on the more complete 
theory are shown in Fig. 6. The curves in the first of these are for 
the case in which » = 2/(2 — a) corresponds to V = 400 volts. Fora 
fixed system (p and E constant) uw is proportional to V, so that u=1/(2—¢) 
corresponds very closely to V = 200 volts, etc. The second and third 
families are for the cases in which » = 2/(2 — o) corresponds respectively 
to V = 800 volts and V = 1,600 volts. 

It is evident from these curves that the variation in mass of the 
electron with velocity will cause departures from the distributions shown 
in Fig. 2 that are more marked the greater the value of E/p for the 
scattering system. Zero voltage curves do not appear in these families. 
As the voltage decreases the number of electrons which on the theory 
spiral into the nucleus increases and finally includes all at a bombarding 
potential V = (e/2mc*)-(E?/p?) e.s.u. E/p is the potential for which 
w= 1. If we represent this by V and express potentials in volts, the 
limiting voltage is given by V = 9.8 X 107 V2. 

For the curves shown in Fig. 6 these limiting voltages are 0.16, 0.63 
and 2.5 volts respectively. 

Distribution curves constructed from the 6 against cos W curves are 
shown in Fig. 7 together with the corresponding distribution curves of 
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the simple theory. These are for the case u = 2/(2 — o) corresponding 
to V = 800 volts. 

It is evident that for u < 4 the effect of the variation in mass of the 
electrons with speed is to increase the intensity of scattering in directions 
for which ¥ < 7/2, except for a range of W near zero where the intensity 
should be negligible. For u > 3 the intensities in the directions ¥ < 2/2 
are less, except near Y = 0, than on the simple theory, but these depar- 
tures are less important. 

To a certain extent the results of this calculation can be made to 
account for the discrepancies between the observed scattering patterns 
for magnesium and the requirements of the simple theory. On the other 
hand, the special feature of the latter calculation—the very great intensity 
of scattering at a critical angle for the lowest voltages—appears to be 
altogether lacking. As already stated, we hope to publish the experi- 
mental results very soon. 


In a recent article on the scattering of B-rays H. A. Wilson ! has taken 
a view in regard to the motion of an electron in the field of a positive 
nucleus which differs in an important respect from that held by Darwin. 
In his calculation Darwin assumed that an electron moving in the 
field of a positive nucleus has the same mass characteristics as that of an 
electron of equal speed isolated in space. The longitudinal and trans- 
verse masses were set down as m(1I — v?/c?)-*/? and m(1 — v?/c?)-!/? 
respectively, and the trajectory was calculated for a particle having these 
mass characteristics when acted upon by a central inverse square force. 
This led to the pseudo-conic orbits considered in the preceding section. 
It is fairly clear that this procedure is correct only in the case in which 
the forces acting on the electron are non-electrical in nature, that is, in 
the case in which the electron preserves its individual field. In the 
actual case the time changes which give rise to kinetic energy and 
momentum occur, not in the field of an isolated electron, but in the mutual 
field of electron and nucleus. A rigorous treatment of the problem would 
evidently have to be based on the momentum and energy integrals of 
this mutual field. Wilson, in his treatment of the problem, has assumed 
that such a calculation will simply lead to the conclusion that the kinetic 
energy and angular momentum associated with the electron are pro- 
portional, not to the electrostatic energy of the isolated electron, but to 
this energy plus one half of the mutual energy of the two charges. In 
other words, it is assumed that the system will behave as if one half 
of the mutual energy moves with the electron, the other half remaining 
at rest with the nucleus. 


1H. A. Wilson, Proc. Roy. Soc. A 102, p. 9 (Oct. 2, 1922). 
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The very important difference that this assumption makes is that all 
orbits turn out to be conic. This results, apparently, from a com- 
pensation of the increase in mass of the electron regarded as an isolated 
charge, by a decrease in mass by what, in another connection, is referred 
to as “packing.’’ The only difference between the orbit of the electron 
and that of a particle of constant mass moving in an inverse square field 
is, according to Wilson’s solution of the problem, that the mass of the 
electron, though constant in a given orbit, varies from one orbit to 
another. The variations are unimportant, however, in all cases in which 
the speed of the electron at an infinite distance from the nucleus is small 
compared with the velocity of light. It follows, therefore, that if Wilson’s 
assumption in regard to the réle played by the mutual energy is correct, 
the scattering patterns for low speed electrons should be sensibly the 
same as those calculated on simple theory. 

Wilson’s paper includes a calculation of the deflection of an electron in 
a limited field which is similar to that derived on the simple theory, and 
also a calculation of the sum of the squares of such deflections for the 
system under random bombardment by high speed electrons approaching 
on parallel lines. It does not, however, include a calculation of the 
angular distribution of scattered particles. 


“cc 
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THE DEFLECTION OF A STREAM OF ELECTRONS 
BY ELECTROMAGNETIC RADIATION. 


By E. O. Hutsurt. 


ABSTRACT. 


Deflection of a stream of electrons by electromagnetic radiation.—A theo- 
retical calculation, based on classical electrodynamics, gives for the maximum 
angular deflection, when certain approximations are made, He/mw, where 
w/2m is the frequency of the radiation, and H is the field due to it. For sun- 
light (H = .04) the value is only 4 X 107", far too small to detect experi- 
mentally, while for intense x-rays, the value is of the order of 10“. Recently 
C. J. Lapp reported having obtained an observable deflection with x-rays. 
If further research should confirm this result, it would appear to be in direct 
conflict with the classical theory. 


OME time ago the writer determined from the classical equations of 
electrodynamics the path of an electron which moved in an alternat- 
ing electromagnetic field. Renewed interest arose in the problem as 
the result of an experiment performed by C. J. Lapp! on “the effect of 
short electromagnetic waves on a beam of electrons,’’ in which a strong 
beam of x-rays appeared to produce a deflection of a stream of electrons 
traversing the beam. The outcome of the theoretical calculation 
indicated, however, that no observable deflection would be expected 
unless a very sensitive method of detection were used. The details of 
the calculation follow. 
A rigid electron of mass m and charge e moves initially along X with 
a velocity v in the midst of a plane polarized electromagnetic wave of 
frequency w/27. The wave is propagated in the direction of X and the 
magnetic and electric vectors are H, = H cos wt and E, = E sin ot, 
respectively, where H and E are the amplitudes. The reaction on the 
motion due to radiation from the electron is neglected. If x, y, and z 
are the positional codrdinates of the electron at time ¢ and electromagnetic 
units are used, the equations of motion of the electron are, in Newtonian 
notation, 
m 


—# = — Hy cos ot, 

mM .. ; . 

= = Hz cos wt + E sin at, (1) 
m . 

—Z2 => 0. 

€ 


1 Physical Review, 20, 104, 1922. 
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Suppose initially t=x=y=z=y=2=0 and ¢=v. We see 
from (1) that z always remains zero and therefore we may concern our- 
selves only with the motion in the XY plane. The direct elimination 
of ¢ from (1) leads to a differential equation in x and y which is difficult 
to integrate. We thereupon content ourselves with an approximate 
solution. Letting 6 = wt, (1) becomes 


es = FD one 6 
de mw dé : (2) 
@y _ Hedx 





Ee . 
, tem cos 6 + aan 6. 
It is assumed that w is such a large quantity that the last term of the 
second equation of (2) may be neglected. This term is of the nature of a 
perturbing term and our assumption amounts to the omission of a small 
perturbation from the motion. Equations (2) then become, approxi- 
mately, 


x _ _ Hedy... 4, 

d? mw a0 : 

i = eds 6. ™ 
d@ mwdé 


Multiplying the first equation of (3) by dx/d@ and the second by dy/dé 
and then adding leads to 


ail (aa) + (zs) |=° 


From this it follows that the speed of the electron in its path is constant. 
When equations (3) are solved by expanding x and y as power series 
and by introducing the initial conditions, it is found that 


He 
6; y= =, (9 — cos 6). (4) 


This is an approximate solution, obtained by neglecting terms in He/mw", 
where m is greater than 2. Remembering that @ = wt, equations (4) 
become 


x = ut, y= men (1 — cos wt), (5) 
Ww 


which show that the electron pursues a sine curve in the XY plane, of 
small amplitude He/2mw* and of frequency w/27. The direction in 
which the electron is moving is given by dy/dx = He/mw sin wt, and 
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when wi = 7/2, this has the maximum value 


dy He 
, = = * (5) 
X Imax mo 


We proceed to estimate the energy density of the x-radiation from a 
Coolidge tube. The energy of the cathode rays in a Coolidge tube under 
normal operation is about 200 watts. According to R. T. Beatty’ 
perhaps the fraction 5 X 10 of the cathode ray energy goes into the 
general x-ray spectrum. If the characteristic radiation of the target 
is excited, a larger fraction of the energy passes into the emitted x-rays. 
The x-ray beam from the Coolidge tube of course diverges, but let us 
assume that all the x-ray energy is confined to a beam of a uniform cross 
section of 1cm?. The energy density of the x-radiation is then 3 X 1075 
ergs/cm'. 

Poynting’s theorem states that the energy density of a plane sine 
wave is wH?/8x, where H is the amplitude of the magnetic vector. If 
the conditions of Poynting’s expression apply to the foregoing x-radiation 
we find, when the magnetic permeability u is placed equal to unity, that 
H = 0.03 gauss. If the x-radiation is assumed to have a wave-length 
10 A. U., w is of the order of 1o'8. Introducing these values into (5) 
and taking e/m to be 1.7 X 107 we find [dy/dx]n,x to be of the order of 
10-8, This is a small quantity, so small in fact that although our esti- 
mates may be considerably in error and although the conditions of Lapp’s 
experiment were more complex than those imagined in our calculation, 
we feel justified in concluding that the observed deflection of the electron 
beam seems to be at variance with the result to be anticipated from the 
classical equations. 

It may be noted that even in the case of sunlight, since the maximum 
value of H is 0.04 gauss and w is 1.6 X 10%, [dy/dx]max is only about 
4X 30°. 


UNIVERSITY OF Iowa, 
November 23, 1922. 


1 Royal Society Proceedings, A, 89, 314, 1913. 

















SPECIFIC HEAT OF HYDROGEN 


ON THE THEORY OF THE TEMPERATURE VARIATION 
OF THE SPECIFIC HEAT OF HYDROGEN 


By E. C. Kemsie anv J. H. VAN VLECK 


ABSTRACT 


Quantum theory of rotational and vibrational specific heats of an elastic, 
non-gyroscopic model of a diatomic gas.—To account for the abnormally 
large specific heat of hydrogen at high temperatures, the molecule is assumed 
to have an internal vibrational degree of freedom. Assuming a dumb-bell 
model and the following law of force F = a(r — %)/r*, the energies of the 
stationary states are derived on the basis of the Bohr-Sommerfeld form of the 
quantum hypothesis, and an expression for the specific heat obtained. When 
suitable values of the two adjustable constants are chosen, satisfactory agree- 
ment is obtained with the experimental results for hydrogen throughout the 
entire range, to 1300° K. 

Constants of the hydrogen molecule, computed from the empirical con- 
stants of the specific heat equation are: Nuclear spacing, 0.488 X 107® cm; 
moment of inertia, 1.975 X 10 gm cm; wave-length corresponding to 
normal vibration, 2.05 yu. 

Specific heats of hydrogen and water vapor; new empirical formulas 
for temperatures between 300° and 2300° K derived from Pier’s data, are 
given: For hydrogen: c, = 4.87 + 0.539 X 107*t + 0.146 X 107%; for water 
vapor: ¢, = 6.03 + 4.2 X 107% — 4.07 X 107-8f + 1.95 X 107%. 


INTRODUCTION 


HE problem of explaining the abnormal specific heat of hydrogen at 
low temperatures has engaged the attention of numerous investi- 
gators.' The theory most generally accepted at the present time was 
first formulated by one of the writers of this paper in an unpublished 
doctor’s dissertation in 1917.2. A brief account of the theory was given 
in a paper read before the American Physical Society in October, 1917. 
This paper was unfortunately marred by an error made in an attempt to 
take into account the expansion of the molecule due to centrifugal force 
at the larger rotational speeds. The publication of the details of the 
theory was delayed by the war and in 1919 Reiche,* working independ- 
ently, published a complete discussion of the problem based on a rigid 
model of the molecule and differing only in minor respects from that 
contained in the above-mentioned thesis. 
1 For a resumé of the results see F. Reiche, ‘‘ Die Quantentheorie,’’ Berlin, 1921. 
2E. C. Kemble, “Studies in the Application of the Quantum Hypothesis to the 
Kinetic Theory of Gases and to the Theory of their Infra-red Absorption Bands,” 
Harvard University, 1917. 
+E. C. Kemble, Phys. Rev. 11, p. 156, 1918 (abstract). 
*F. Reiche, Ann. der Phys. 58, p. 657, 1919. 
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The purpose of the present paper is to present a corrected calculation 
of the rotational and vibrational specific heat of an elastic model of a 
diatomic gas molecule. Such a calculation is desirable since the observed 
specific heat of hydrogen at high temperatures is appreciably greater 
than the limiting theoretical value for rigid molecules, (5/2)R or 4.963 
calories per mol. We cannot correct for the effect of elasticity simply 
by adding to the specific heat of a rigid molecule the vibrational specific 
heat of an ideal linear oscillator, for the expansion of the molecule by 
centrifugal force must be taken into account.! This expansion alters 
the energies of the stationary states corresponding to various values of 
the angular momentum and thus causes an increase in the rotational 
specific heat. The effect is largest for those molecules with the smallest 
moments of inertia and hence is particularly important for hydrogen. 

In this connection it may be observed that the classical statistical 
mechanics does not demand a constant rotational specific heat as is 
commonly assumed. ‘The equipartition law specifies the average kinetic 
energy of rotation for a diatomic gas to be RT. If the molecules are 
regarded as elastic a rotational potential energy must be added which is 
roughly proportional to the square of the kinetic energy. It follows that 
the complete rotational specific heat is an approximately linear function 
of T having the value R as a lower limit. Needless to say, the correction 
is small for most molecules at moderate temperatures. 


DETERMINATION OF THE ENERGIES OF THE STATIONARY STATES 


The first part of the problem of computing the specific heat for a 
model of a gas molecule consists in the application of the quantum 
conditions to the determination of the energies of the stationary states. 
In order to get a definite result we must introduce an assumption re- 
garding the nature of the law of force binding the nuclei of the two 
atoms together. A good deal of information regarding the nature of the 
law for the HCI molecule can be obtained from the study of its infra-red 
band spectrum, but we have no sure hold, either experimental or theo- 
retical, on the law for the hydrogen molecule. We know, however, that 
when the nuclei are close to their equilibrium positions the restoring 
force must be an approximately linear function of the displacement. 
For large displacements, on the other hand, the force must drop off as 
the inverse square of the distance between the nuclei, or more rapidly. 
These two requirements are conveniently met by the assumption that 
the force is of the form ) 

F = a(r — ro)/r’. (1) 


1 This expansion is the cause of the asymmetry of the infra-red absorption bands 
of polar diatomic gases. 
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Here r is the distance between the nuclei, 79 the equilibrium value of r, 
and a is a constant, which may be adjusted to give the frequency of 
vibration any desired value. The equations of motion resulting from 
the law stated above are mathematically of the same general form as 
those which govern the motion of an electron around a single hydrogen 
nucleus when the relativity correction is taken into account. Conse- 
quently by postulating a force of the form given in (I) we can carry 
through the determination of the energies of the permitted motions 
without further approximations. Of course this law is not to be con- 
sidered as actually correct, but fortunately auxiliary computations 
indicate that an accurate formula for large displacements is not needed 
over the range of temperatures considered in this article. 

Let the angular and radial momenta be denoted by ~, and p, respec- 
tively. Denoting the masses of the nuclei by m; and mz and introducing 
the abbreviation 4 = myme2/(m, + me), we readily derive the following 
expression for the energy (Hamiltonian function) : 

W = Pet + p;* + e423. 
fo 2 


a 
2yu Me 2r 


0 r 2r, 
The application of the Wilson-Sommerfeld quantum conditions yields 
the relations ! 


Pp, = mh/2r, m=0,1,2,3,°°*, (3) 
and 
a 
pdr = — an| Vp? + nar _ - |-™. 
$ , . V2u(a/2ro — W) (4) 


m = 0, I, 2, 3; ° 


Solving the above equations for the total energy W as a function of the 
quantum numbers m and 1, we obtain 


2uar 
w-=2 [- i |. (5) 
0 


2r 


We denote by »» the frequency of vibration of a non-rotating molecule 
with an infinitesimal amplitude. This may be proved to be 


vo = (1/27) Va/pro’. (6) 


From the definition of the angular momentum p, the following expression 
for the angular velocity is readily deduced : 


w = py/ur? = mh/2rpr’. 
1In the earlier work by Kemble the condition (3) was derived from Planck’s cell 
theory by introducing the assumption that the permitted stationary states are those 
whose representative points lie on the cell boundaries. Cf. M. Planck, Verh. d. D. 
Phys. Ges. 17, p. 407, 1915. 
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Hence, to a close approximation, the frequency of rotation of a non- 
vibrating molecule with a single unit of angular momentum is 


vi = h/4n*yr??. (7) 


The frequency of rotation for a rigid molecule would be an integral 
multiple of »,. With the aid of Eqs. (6) and (7) the expression for the 
energy can be thrown into the form 


a ee | 
snaiiee 2 (=) E {(vy/vo)n + vi + <a | (8) 
In most applications of this theory the ratio »;/y9 will be a small number. 
The value derived from the infra-red band spectrum of HCl is 0.0076. 
In applying the above expression to hydrogen we may treat v; and v9 as 
adjustable constants whose values may be chosen to fit the experimental 
specific heats. From the values of these constants used in obtaining 
the curves given later in this article and from the assumed law of force 
we may compute the energy required to break up the molecule.! This 
has the right order of magnitude, being about 40 per cent greater than 
the heat of dissociation as observed by Langmuir. No better agreement 
could be expected in view of the fact that our law of force makes no 
pretence at accuracy for large values of r. 


CALCULATION OF SPECIFIC HEAT 


Let N denote the number of molecules in a gram molecule and let p,.” 
denote the intrinsic probability of the stationary state mn. The rota- 
tional and vibrational exergy E of a gram molecule of gas at the tempera- 
ture T may be computed from Planck’s formula ? 


YS Hh" Waren Var *t 
>Yp ne- Wi" kT , (9) 


in which the average energy of the molecules in the “region element” 


E=WN 


mn (Planck’s second theory) is replaced by the energy W,," of the mole- 
cules in the stationary state associated with this region element.® 

The corresponding expression for the specific heat is obtained by 
differentiation with respect to T. It is 


c= EB - (2) | (10) 
~ JI LP, Py 


1 The formula for energy of dissociation is (47/2) (vo/7)?. 

* Planck, Verh. d. D. Phys. Ges. 17, p. 412, 1915. 

3 Each of the quantum conditions defines a family of surfaces in the state-space of 
statistical mechanics. These surfaces divide this space into cells which may be identified 
with Planck’s region elements. 
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where J = mechanical equivalent of heat; Pi = >> >opn"e~’; 
n m 
P, = Zz. LiPm* ome; P, = y bo Pm™(om")2e""; om" = W,,*/RT. 
n n m 

In evaluating the above series, the stationary state (m = 0, n = 0) is 
assumed to have zero probability as indicated by the infra-red absorption 
bands of diatomic gases. At the highest temperatures used the series 
need to be summed to 13 terms in m, and 3 terms in m. It is of interest 
to note that strictly speaking they are only semi-convergent since W,,” 
and the exponential factor approach finite limits as m and nm become 
infinite. 

It remains to discuss the formula to be used for the intrinsic probability 
Pm". Planck assumes that the probability of each cell is proportional 
to the volume of that cell as in the classical statistical‘: mechanics, and 
we follow the line of least resistance in identifying the cell probability 
of his theory with the probability of the corresponding stationary state 
in the new theory. Since, however, the stationary state of zero energy 
(m = 0, n = 0) is arbitrarily ruled out, there is more than one way of 
assigning the remaining states to the cells, and consequently this point 
of view leads to an ambiguous set of values for the p’s. 

Reiche makes use of the fact that an external electric or magnetic 
field will break up each of the stationary states into new ones having 
(on the basis of Planck’s hypothesis) unit intrinsic probability. He 
therefore identifies p,," with the number of new states between which 
the molecules having m units of angular momentum are divided by the 
field.' The application of the quantum conditions to the angular 
coérdinates in the presence of a magnetic field involves the use of two 
quantum numbers. One, which we denote by the symbol m, gives the 
number of. units of angular momentum parallel to the field. If the 
stationary states corresponding to all values of both numbers are recog- 
nized as equally probable, the value of p,,” is easily shown to be 2m + 1. 
On the other hand, if we rule out those states for which m, is zero, fol- 
lowing an argument due to Bohr, ~,." works out to be 2m. Specific heat 
calculations based on a rigid model of the hydrogen molecule favor the 
latter formula for p,,”. 


COMPARISON OF THEORETICAL AND EXPERIMENTAL VALUES 
Hydrogen.—The form of the specific heat curve for hydrogen between 
35° K and 350° K has been pretty well established by the experiments of 


1 Since Reiche deals with rigid molecules the quantum number n does not appear 
n his analysis. 
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Eucken,! Scheel and Heuse,? and Escher. Less trustworthy determi- 
nations of the specific heat at higher temperatures have been made by 
Crofts 4 from observations of the ignition temperatures of adiabatically 
compressed mixtures of electrolytic gas and hydrogen, and by Pier > and 
others using the explosion method. 

While the observations of Pier are the latest and apparently the best 
for very high temperatures, his formula does not agree at low temperatures 
with the well-established results of other investigators. We therefore 
attempted at first to fit our formula at high temperatures to a point 
taken from the work of Crofts.6 The result of these initial calculations 
was unsatisfactory. Whether the intrinsic probability p,.” is set equal 
to 2m (curve B’ in the accompanying graph) or to 2m + 1 (curve B), 
it is impossible to pass a curve through the Crofts point which will also 
fit the observations near 300° K. 

We have accordingly made a study of Pier’s data which shows that 
the discrepancy between his formula (see Eq. (14) below) and the well- 
established points in the neighborhood of 300° K is not inherent in his 
observations. By combining the value of the specific heat at 289° K 
given by Scheel and Heuse with Pier’s data we have derived a new 
empirical formula which fits the latter set of points better than the 
original one. Pier determined the average specific heats at constant 
volume of various mixtures of water vapor, argon, and hydrogen between 
17° C and temperatures ranging from 1400° C to 2350° C. We have 
assumed the specific heat of argon to be 2.98 calories per mol and have 
set the specific heats of water vapor and hydrogen at 17° C equal to 
6.1 7 and 4.88 (Scheel and Heuse) respectively. The following formulas 
were then deduced by a semigraphical method which need not be de- 
scribed in ‘detail: For water vapor, 0 < t < 2300° C, 


C, = 6.03 + 4.2 X 107*t — 4.07 X 10-*f + 1.95 X 107%, = (11) 
For hydrogen, 0 < t < 2300° C, 


C, = 4.87 + 0.539 X 107*t + 0.146 X 10-*f, (12) 


1 A, Eucken, Sitz. d. Kon. Preus. Akad. d. Wis. 1, p. 141, 1912. 

2 K. Scheel u. W. Heuse, Ann. der Phys. (4) 40, p. 473, 1913. 

3 W. Escher, Ann. der Phys. (4) 42, p. 761, 1913. 

‘J. M. Crofts, J. Chem. Soc. 107, p. 290, 1915. 

5M. Pier, Zeits. f. Elektrochemie, 15, p. 356, 1909. 

6 Crofts gives 5.10 calories per mol as the mean specific heat between 15° C and 
532° C. We have assumed that this value can be used for the specific heat at the 
average temperature 273° C, or 546° K. 

7Cf. H. Levy, Verh. d. D. Phys. Ges. 11, p. 331, 1909. All specific heats are for 
the ideal gas condition. 
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Pier’s own formulas are,' for water vapor 


C, = 6.065 + 1.0 X 107% + 0.8 X 107% (13) 
and for hydrogen 
C, = 4.70 + 0.9 X 10~t. (14) 


There is apparently a misprint in Pier’s published record of his 134th 
experiment, for we cannot check his calculation for that point. Dis- 
carding this one observation, we find that the sum of the squares of the 
residual errors is reduced 48 per cent by the changes we have introduced 
in the formulas. 

Curve a, Fig. 1, is plotted from Pier’s formula (14). Curve 0 is a plot 


Absolute Temperature 





Theoretical Curves ple 2me! 


os A 
4 


ai 100° £00° 300° 400° 500 600' 700° 600° 900° 100e 100° «=61200° 1300" 
— 
ROTATIONAL AND VIBRATIONAL = 
as SPECIFIC HEAT OF HYDROCEN tee “ S 
20 & a 
> - 
— 
Z an 
si Ss eo Observations of Eucken ‘ 
° Scheel ena Heuse 
© 
— ” - Escher 
10% ° Crofts 
J OG Prer's empirical formule 
b New Figia Molecule 
B 
B 
C 


° ; Pmt 2m 
Finot Theoretucel Curve ple 2m , 


. °° 100° 200° 300° 400° s00° 600° 700° 600° °° 100° 200° 300° 400° 
Absolute Temperature 


Fig. 1. Rotational and vibrational specific heat of hydrogen. 


of (12), which we believe to be the best available empirical estimate of 
the high temperature specific heat of hydrogen. Taking the point at 
1350° K on this curve as standard for fixing an approximate value of vo, 
we have plotted the theoretical curve C’ from our formulas (8) and (10), 
giving p,” the value 2m. It will be seen that the agreement between 
this last curve and the measured specific heats is quite satisfactory. 
A calculation for 2006° K, which does not appear on the graph, shows a 
discrepancy of 0.27 cal/mol, between the theoretical curve C’ and the 
empirical curve b. In view of the fact that an error in the assumed 
form of the law of force would begin to make itself felt at such a high 
temperature as this, and considering the experimental uncertainty 
involved, the discrepancy is small. We thus obtain a simultaneous 
confirmation of our theory and of the Pier measurements of the specific 


1 Pier gives the formulas for the mean specific heats only. Eqs. (13) and (14) are 
the corresponding expressions for the instantaneous specific heats. 
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heat at high temperatures.' The formula for p,,." used in calculating 
the theoretical specific heats confirms the conclusion of Reiche but 
conflicts with the result previously obtained by Kemble. 

Table I. gives the numerical values from which the graph was plotted. 


TABLE I. 


Rotational and vibrational specific heat of hydrogen 











Absolute temp. A A’ | B | B’ c” | Observed| Source 
Oe nace wun | -020 OI (1) 
. eee -060 -052 -059 .06 (1) 
Se aenan 183 | .167 182 | .133 .16 I 

err 441 | .44I 441 44 .404 44 (1) 
ae wighees 590 | .599 .588 521 64 (1) 
err | 1.147 1.058 

. eee: 1.098 | 1.109 | 

eer | 1.449 | 1.622 1.488 | 1.584 1.41 (1) 
EE 5s has oars 1.401 (2) 
— ees 1.858 1.741 | 1.91 1.872 1.86 (1) 
ae 1.77 | 1.94 1.898 1.897 (2) 
<< ai ese | 1.72 | 1.92 1.84 | 1.99 1.948 1.935 (3) 
Perey | 2.03 2.07 

a sceawks | 2.22 | 2.12 2.124? (4) 
| ee | | 2.07 2.10 (5) 

eer 2.28 2.36 (5) 

i. sens adi | 2.66 2.64 (5) 

2005.6 ....... | 3-532 3.263 (5) 











“Sources: (1) Eucken; (2) Scheel and Heuse; (3) Escher, mean value 293°-373°; 
(4) Crofts, mean value 288°-805°; (5) Empirical equation (12) from Pier’s data. 


From the values of the constants used in adjusting the curve C’ we 
deduce the following magnitudes for the hydrogen molecule: 


Ao = wave-length corresponding to the normal vibration frequency of 
the Hz molecule = 2.05 u; 

Ly» = normal moment of inertia of Hz molecule = 1.975 X 10~" gm cm?; 

ro = normal nuclear spacing = 0.488 X 107° cm. 


Reiche’s value for Lo is 2.095 X 10~! gm cm?. 


It is worthy of note that up to 1350°, at least, the rotational specific 
heat exceeds the limiting value for a rigid molecule (1.985 cal/mol) by 
more than the corresponding vibrational specific heat. This shows the 
impossibility of calculating high temperature specific heats of gases by 


! Pier’s work has been criticized by Bjerrum because of his failure to take into 
account the heat lost to the walls of the calorimeter before the pressure maximum, 
but the hypothesis that this loss is small is supported by ‘Siegel in a later paper. The 
experiments of Womersley also seem to indicate that the heat loss to the walls is small, 
though his report is so brief that it is obscure. Cf. N. Bjerrum, Zeits. f. Elektrochem. 
17, 731 (1911); W. Siegel, Zeits. f. Phys. Chemie, 87, 641 (1914); W. D. Womersley, 
Proc. Rov. Soc. A. 100, p. 483 (1922). 
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simply adding the specific heat of one or more ideal linear oscillators of 
suitable frequencies to the classical specific heat for a rigid molecule of 
the type in question. 

Other diatomic gases—While we have much less complete data on 
other diatomic gases than hydrogen, abnormally low specific heats have 
been calculated by Scheel and Heuse from their observations on nitrogen, 
oxygen, and carbon monoxide in the neighborhood of 92° K. Assuming 
that the Reiche formula for the specific heat of a rigid molecule (p,, = 2m) 
can be applied to these gases we may calculate the moments of inertia 
and nuclear separation from the observations in question. Table II. 





TABLE II. 
| Co calculated Rotational | Moment of Nuclear 
Gas t by Scheel and sp. heat inertia J spacing 
| Heuse 
calymol cal/mol | 10-" gm cm? | 10 cm 
Bs Wanted —181° C 4.733 1.755 | 5.16 2 
eee —181 4.91 1.93 8.11 2.47 
2.16 


re —180 4.758 1.780 ‘2 
shows the result of such a calculation. The values of the distance 
between the atomic nuclei are absurdly small in comparison with the 
nuclear spacing for Hs or with estimates of the radii of the atoms of 
oxygen, nitrogen, and carbon made in other ways. They force the 
conclusion that either the assumed specific heats are wrong, or that the 
theory is not applicable to these gases. 

It hardly seems probable that there can have been any considerable 
error in the observations of Scheel and Heuse, which were made on c, at 
atmospheric pressure. The calculation of the specific heat at constant 
volume in the ideal gas condition involves a considerable correction for 
pressure, however, which may be inaccurate. 

As regards the applicability of the theory to these gases it should be 
observed that we have assumed our molecular model to be non-gyroscopic. 
The positive magnetic susceptibilities of O2 and Ne suggest that these 
gases do not fall in the non-gyroscopic class and it is possible that carbon 
monoxide does not lie within the scope of the present theory for the 
same reason. 

Our thanks are due to Mr. K. C. Mazumder for his assistance in 
working up Pier’s data. j 
JEFFERSON PHysICAL LABORATORY, 


HARVARD UNIVERSITY, 
December 13, 1922 
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THE COEFFICIENT OF VISCOSITY OF HELIUM AND THE 
COEFFICIENTS OF SLIP OF HELIUM AND OXYGEN 
BY THE CONSTANT DEFLECTION METHOD 


By M. N. STATES 


ABSTRACT 


Coefficient of viscosity of helium by the constant deflection method.—Using 
carefully purified He, which showed only a spectroscopic trace of H, six series 
of measurements at about 23° C gave :3 = 1962.3 (10)~?. This is about 
2 per cent less than values obtained by the capillary method, but is believed 
correct to within 0.1 per cent. 

Coefficients of slip of helium and oxygen for polished and unpolished silver 
oxide surfaces.—The values obtained for {7-(10)? are: for the unpolished 
surface, 123 (He), 61.1 (O); for the polished surface, 160 (He), 64.5 (O). 
These are probably accurate to one per cent. From Maxwell’s equation, the 
values for complete diffuse reflection, which are the minimum values, are 
computed to be 191 (He) and 70 (O}. The low experimental values suggest a 
“‘reverse-specular”’ reflection or perhaps the abnormal momentum transfer at 
the surface may be attributed to an excess of molecules leaving the cylinders 
due to the release of oxygen at low pressures. The change of the slip with 
time, observed in previous work, is shown to be due to the release of occluded 
gases, chiefly oxygen in the case of a silver oxide surface. 

Increase in the stiffness of the steel suspension wire, noted by Van Dyke, 
continues. 


INTRODUCTION 


HE recent work of Stacy! and Van Dyke? on the coefficients of 
slip of air and carbon dioxide showed clearly that these quantities 
depend upon the nature of the bounding surfaces. The coefficient of 
slip was larger for the smoother surfaces, indicating that these reflected 
a greater number of molecules specularly. For old shellac (the ‘‘ roughest 
surface’ used), however, both of these observers found a nearly diffuse 
reflection for air; 7.e., the molecules were reflected or re-emitted from 
the surface at no favored angle. This conclusion is based on Maxwell’s * 
expression for the value of the coefficient of slip 


_I fam (2_ 
+ EN be (J ‘) (1) 


when a fraction f of the molecules is diffusely reflected and a fraction 
(1 — f ) is considered specularly reflected from the surface; their result 
1 Stacy, Phys. Rev. 21, 239 (1923). 
2 Van Dyke, Phys. Rev. 21, 250 (1923). 
3 Maxwell, Scientific Papers 2, 708. 
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came out nearly equal to the value calculated for f = 1. This value 
corresponding to f = 1 should be the minimum possible value of the slip. 
It was thought desirable to make a study of the coefficient of slip, 
using different surfaces and other gases, in order to test this minimum 
value further. In addition, the chemical composition of the surface used 
afforded an excellent opportunity for studying the ‘‘time effect”’ on the 
slip. Finally, the coefficient of viscosity of helium was determined. 


THE APPARATUS ! 


The constant deflection method was used, the apparatus being that 
with which Gilchrist? and Harrington * determined the absolute value 
of the coefficient of viscosity of air. Such a complete description of the 
apparatus used in the above work has been given that it will be sufficient 
here to indicate only what changes have been made since the apparatus 
was used by Van Dyke. 

A sliding pulley which fed the cord to the drum of the driving mecha- 
nism was eliminated and two ball bearing pulleys made from bicycle 
hubs were substituted for the two ordinary pulleys which carried the 
driving weights. These changes in the driving mechanism made a 
decided improvement in the constancy of the speed of rotation of the 
outer cylinder, as evidenced by the chronograph record, and a corre- 
sponding improvement in the steadiness of the deflection of the inner 
cylinder. Static charges, it was observed, produced a deflection of the 
inner cylinder, the steel suspension wire being attached to a glass tube 
which insulated the inner cylinder from the ground. Accordingly, as 
an added precaution, the entire inner system was grounded, although 
observations were not taken when such disturbing effects were present. 

The brass cylinders were coated with a layer of silver oxide of the order 
of 0.001 mm in thickness which constituted the “‘first’’ surface. This 
layer was formed by the displacement of the metal in the brass by the 
silver in a solution of silver nitrate, the silver immediately oxidizing. 
The cylinders were rotated in the solution during this process so that a 
uniform coat was obtained. The deposit was allowed to dry thoroughly 
in air before the cylinders were set in place, and then stood about five 
months, for the most part at low pressure, before the first observations 

1 It is interesting to note that A. Timiriazeff used an apparatus somewhat similar 
to the above for coefficient of slip and viscosity determinations. For slip determinations 
he used pressures of the order of .oor mm of mercury and calculated his results in a 
slightly different manner. His values for the coefficients of viscosity for air, carbon 
dioxide, and hydrogen are from eight to fifteen per cent higher than those obtained by 
other observers. Ann. der Phys. 40, 971 (1913). 


? Gilchrist, Phys. Rev. 1, 124 (1913). 
* Harrington, Phys. Rev. 8, 738 (1916). 
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here recorded were taken. A second set of observations was taken for 
the coefficient of slip after the oxide had been burnished with paper and 
polished with chamois. 

The evacuating system consisted of a mercury diffusion pump sup- 
ported by a May-Nelson pump. The latter was thoroughly over hauled, 
the tubes leading from the pumps being enlarged so that the time of 
evacuation was considerably reduced. In the case of helium a complete 
set of data for the determination of the value of the coefficient of slip 
could be obtained within twenty minutes after the gas was introduced 
into the apparatus. Stacy, using a Gaede pump, was able to take similar 
observations only after two hours of pumping. Van Dyke, however, in 
the latter part of his work reduced this time to one hour for slip deter- 
minations at a pressure of about 0.1 mm of mercury. After it was found 
that the slip determinations here recorded plotted against time gave a 
straight line parallel to the time axis, no special effort was made to hurry 
the evacuation. 

The constant temperature room was kept close to 23° C by means of 
an electric heater controlled by an ether thermostat. The temperature 
within the apparatus was read on a Beckmann thermometer which was 
compared with a standard Baudin thermometer before and after this 
series of data was taken. The Beckmann showed no change in calibra- 
tion in this period of five months. With a fan constantly circulating 
the air in the room, the variation of the temperature within the apparatus 
was of the order 0°.o2 C during a run of about thirteen minutes and often 
no change in the Beckmann could be detected in this interval although 
it read directly to one hundredth of a degree. 

It is interesting to note the continued increase in the stiffness of the 
steel suspension wire previously noted by Van Dyke. The suspension 
used was the “‘ F” suspension of Harrington. The record of this change, 
indicated by the decreasing period, is as follows: 


ad hae 0 ie cay ca Reardon ns aroha aa oe 175.58 sec 
RS geen do eee rena Op ae a caine wee ame euN 175.48 “ 
I IE No oso oc weil Mw dee Re RR om 175.45 “ 

= fe NN cia acticin poe Rak aian eRe ee haem 175.42 “* 
CET CET TE Ter eT Tree ig.ag ” 


EXPERIMENTAL PROCEDURE 


In a preceding paper Van Dyke has given the working equations and 
the general experimental procedure for the determination of the coeff- 
cients of viscosity and slip by the constant deflection method. It will 
be sufficient, therefore, to indicate the departures from this method. 
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Prior to the first slip work on oxygen the apparatus was allowed to 
stand several days at a pressure in the neighborhood of 0.001 mm of 
mercury after which it was bathed out and oxygen admitted to the 
chamber. Several determinations of apparent viscosity were made at 
about 6.5 cm of mercury. These were corrected for slip. The apparatus 
was then evacuated to a lower pressure, several apparent viscosity runs 
taken, which together with the mean of the former readings yielded 
values of {7.. The pumping was continued and more slip determinations 
made at this lower pressure. The process was continued until pressures 
were reached at which the mean free path of the molecules became 
comparable with the distance between the cylinders where the equations 
referred to do not hold. (See Tables I. and II.) The same method was 


TABLE I. Oxygen—First Sample. Coefficient of Slip—Unpolished Oxide Surface 
nes = 2035.8 X 1077, k’ = 8.1879 X 107, k = 2.814 


T = time from initial pumping to end of run 





| d 0 | p | (no/np — 1) | 1 T 
(sec) | (cm) ec | (mm) | xX 103 Sis X 10 (hr) 
30.394 | 77-954 22.826 | 0.274 48.9 62.7 I 
30.442 | 77.872 22.805 0.274 48.3 61.9 1.33 
30.416 | 77.991 22.820 0.274 47:7 61.1 1.75 
30.430 | 77.993 22.985 | 0.277 47.6 61.7 18 
30.415 | 78.090 23.100 | 0.278 | 47.2 61.4 18.5 
30.426 | 76.746 | 23.200 | 0.196 65.4 60.0 | 19 
30.413 76.717. | 23.040 0.196 65.8 | 60.3 | 2 
30.389 76.847 23.107 0.196 65.0 59.6 | 23.5 
30.394 76.527 | 22.820 0.196 68.4 62.7 41.5 
30.388 76.579 | 22.859 | 0.196 68.0 62.3 42 
30.401 76.552 | 22.795 | 0.196 67.7. | 62.1 46 
30.400 76.619 | 22.839 | 0.196 7.0 | = 61.4 46.5 
30.388 76.834 | 23.204 | 0.196 65.5 | 60.0 | 61.0 
30.382 76.735 | 23.192 0.196 67.1 61.5 61.5 








Mean {7 = 61.3 X 1077 





used in getting the viscosity of helium, the pressure being io cm of 
mercury instead of 6.5 cm. In the slip determinations, however, in 
order to save the helium, the gas was withdrawn after the viscosity runs 
by means of a Toepler pump, and then small quantities of helium were 
re-introduced into the apparatus for the low pressure observations. 
The method used on oxygen was tested and yielded the same value for 
the slip as the latter method. Furthermore, re-introducing the helium 
gave the same value of the coefficient of viscosity, which justified the 
use of the same value of 7 for all slip computations. (See Tables III. 
and IV.) The slip observations for the polished oxide surface were taken 


44 
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TABLE II. Oxygen—Second Sample. Coefficient of Siip—Unpolished Oxide Surface 
nes = 2037.4 X 1077, k’ = 8.1879 X 1077, k = 2.814 














‘Ta d °C p (no/np —1)| » 7 r 
(sec) (cm) ec (mm) x 10% Sis X 10 (hr) 
30.471 | 78.827 22.794 0.372 35.4 61.6 4.25 
30.438 78.908 22.810 0.372 35.5 61.8 4.5 
30.394 78.468 23.045 0.297 43-5 60.4 6.5 
30.406 78.423 23.052 | 0.297 43-7 60.7 7.0 
30.374 | 78.504 23.008 0.297 43.6 60.6 10 
30.392 | 78.466 23.039 0.297 43.6 60.6 10.5 
30.362 | 77.257 23.030 0.211 60.9 60.1 11.5 
30.301 | 77.394 23.000 0.211 61.1 60.3 12 
30.238 | 74.806 23.280 0.128 | 100.9 60.4 29.5 
30.238 | 74.808 23.224 0.128 100.7 60.3 30 
30.270 | 71.070 22.775 | «0.0848 | 155.9 61.8 52.5 
30.248 71.184 22.742 0.0852 154.9 61.7 53 











Mean fx. = 60.9 X 107 


in the same manner, with the exception that the apparatus was not 
allowed to stand at low pressures more than twenty-four hours but was 
evacuated to 0.0007 mm of mercury before the gas was introduced. 


TaBLE III. Viscosity of Helium—Unpolished Oxide Surface 
p = 10.0 cm, k’ = 8.1879 X 1077 











30.482 78.554 22.790 1960.6 1961.6 
30.450 78.654 22.820 1961.0 1961.8 
30.462 78.635 22.875 | 1961.3 1961.9 
30.476 78.593 22.890 1961.2 1961.7 
30.541 78.421 22.890 1961.0 1961.5 
30.512 78.520 22.902 1961.6 1962.0 


Mean 723 = 1961.8 X 1077 
Corrected for slip, n23 = 1962.3 X 107 


Instead of making an absolute determination of the coefficient of 
viscosity, several observations were made on the values of ¢ the period of 
rotation, and d the corresponding deflection for air, just after the work 
on helium, and the value of k’ = »/td, was calculated assuming the value 
of ne3 for air to be 1822.6 X 10~’, as determined by Harrington. The 
mean value of eight such observations gave k’ = (8.1879 + 0.0018) X 1077. 
The value of k’ obtained some months before came out 0.1 per cent 
lower. This change was probably due to the decrease in the period of 
vibration of the inner cylinder which was of the order of one part in two 
thousand and effective in increasing k’ by one part in one thousand. 
On account of this shift, the k’ determined just after the helium runs 
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TABLE IV. Helium. Coefficient of Slip—Unpolished Oxide Surface 


T’ = time from introduction of gas to end of run 
nex = 1962.3 X 107, k’ = 8.1879 X 107, k = 2.814 











t d °C p | (no/np — 1) 7 T’ 
(sec) (cm) a ¢ (mm) x 103 Si X 10 (hr) 
30.314 | 77.703 23.173 | 1.50 17.9 126 0.5 
30.290 77-744 23.150 | 1.50 18.1 127 1.0 
30.234 77.861 22.942 | 1.50 17.9 126 5 
30.257 77.802 22.960 1.50 18.0 | 126 24 
30.208 77.386 22.920 1.05 25.0 123 0.33 
30.185 73-574 23.087 0.518 50.8 123 0.6 
30.175 | 75.715 23.150 | o518 | 49.4 120 | I 
30.284 | 75-383 | 23.043 0.520 49.9 121 | 18.5 
30.230 | 74.741 | 22.910 0.435 | 60.5 123 1.25 
30.244 | 74.816 22.975 0.435 59.1 120 2 
30.297 73-367 23.070 0.333 78.4 122 25 
30.211 | 73.511 23.032 0.333 79.0 123 48 
, Mean {7 = 123 X 1077 


was used in getting the value of the coefficient of viscosity of helium. 
In fact this value was used throughout the first work as the value of the 
slip is independent of k’. Another determination of k’ was made after 
the oxide surface was polished and the cylinders re-set. The mean 
of six observations gave k’ = (8.1933 + 0.0015) X 1077. 


TABLE V. Oxygen. Coefficient of Slip—Polished Surface 





nes = 2036.0 X 107, k’ = 8.1933 X 107, k = 2.814 

tt d or . p (no/np — 1) . T 
(sec) | (cm) ee (mm) x’ 108 f7e X 10 (hr) 
30.384 77.438 | 23.060 | 0.250 | 56.3 65.7 1.5 
30.384 77-477 23.062 0.251 55.8 65.7 2 
30.344 75-732 23.078 | 0.170 81.5 64.9 3 
30.326 73-759 23.155 | 0.121 112 63.5 3.5 
30.223 71.197 | 23.160 | 0.0865 156 63.2 4 
30.217 | 71.243 23.140 0.0884 155 64.2 4.5 


Mean {7 = 64.5 X 1077 

The temperature corrections were made using the following approxi- 
mate formule for small variations in temperature about 23° C, the last 
two deduced from Sutherland’s equation. 


Air 

ne = nes + 4.93(8 — 23) X 1077. (2) 
Oxygen 

ne = nex + 5.54(0 — 23) X 107%. (3) 
Helium 


= nes + 4.70(0 — 23) X 107”. 
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TABLE VI. Helium. Coefficient of Sliip—Polished Surface 








nes = 1962.3 X 1077, k’ = 8.1933 X 107, k = 2.814 

4 i oC (no/np — 1) . . 
(sec) | (cm) ve (mm) x 108 | $16 X 10! (hr) 
29.911 | 78.486 22.982 | 1.74 20.1 164 | 0.33 
29.840 78.673 23.038 | 1.74 20.3 165 | 0.75 
30.484 | 76.909 22.858 | 1.62 21.2 161 | 17 
29.952 78.303 23.102 1.60 21.4 160 | 05 
29.985 | 78.242 23.130 1.60 21.2 159 | J 
30.431 | 76.304 23.146 542 30.6 | 159 | 2 
30.392 76.489 23.145 1.11 30.6 159 | 2.5 
30.370 74-398 23-155 0.552 60.4 156 | $ 
30.253 72.634 22.895 0.373 89.7 157 | 19 
30.080 73.071 22.915 | 0.373 89.4 | 156 19.5 











Mean {x = 160 X 107 


The constant for oxygen is Sutherland’s value; that for helium is 
Schmitt’s. The Eq. (2) is the one used by Prof. Millikan.! 


THE GASES 

Oxygen.—The oxygen for the coefficient of slip determinations was 
obtained by heating potassium permanganate. The flask containing 
the permanganate was heated a number of times and after each heating 
the flask and connecting tubing was exhausted to the point where a 
discharge passed outside rather than through a Geissler tube. The 
heat drove out the occluded gases from the flask and at the same time 
the liberated oxygen washed out the auxiliary apparatus. Heat was 
then applied and the oxygen produced was admitted to the large volume 
enclosing the cylinders through a coil made from a meter and a half of 
tubing in .series with two traps, all at liquid air temperatures. This 
process gave quite pure oxygen, free from carbon dioxide and moisture, 
but showing hydrogen as an impurity when examined by a spectroscope 
using a disruptive discharge. However, the gas gave a coefficient of 
viscosity only 0.3 per cent lower than the value obtained by Yen? on 
the same apparatus when very pure oxygen was used. In view of this, 
and coupled with the fact that 723 for hydrogen is about one third of n23 
for oxygen, little hydrogen could have been present. Furthermore, one 
would expect slight impurities not to affect the value of the coefficient 
of slip in as much as the determining quantity is a ratio of two apparent 
coefficients of viscosity of the same gas at different pressures, the per- 
centage of impurities being nearly constant. . Within the limit of experi- 
mental error, the values of the coefficient of slip (unpolished oxide surface) 


1 Millikan, Ann. der Phys. 41, 759 (1913). 
2 Yen, Phil. Mag. 38, 582 (1919). 
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of the two samples of oxygen are the same, although the viscosities of the 
two samples differ. This seems to justify the assumption that slight 
impurities do not affect the coefficient of slip. 

Helium.—The helium, approximately 97-98 per cent pure, was obtained 
from the laboratory supply. The chief impurities were nitrogen, oxygen, 
hydrogen, neon and possibly some hydro-carbons. This gas was circu- 
lated through charcoal tubes at liquid air temperatures by means of a 
Toepler pump, a process which removed most of the impurities. A 
copper oxide tube removed the hydrogen. This purified gas, examined 
with a spectroscope and under a disruptive discharge, showed a trace of 
hydrogen and neon at favorable pressures. Collie and Ramsay '! found 
that 0.001 per cent of hydrogen was visible in helium at all pressures and 
obtained similar results for inert gases in helium. Géille? found that 
one per cent of hydrogen lowered the viscosity of helium less than one 
per cent. In this instance there could be no such amount present. 
In view of this, the slight trace of hydrogen and neon present would 
introduce a negligible error. It might be stated that the process of 
purification was continued until no change in the viscosity was apparent, 
and that the last set of readings is given in Table III. The values just 
previous to these, in which a change was noted, indicated that neon was 
the last impurity taken up by the charcoal. 


DISCUSSION 

The value of the coefficient of viscosity of helium here recorded is 
lower than that usually quoted. Determinations by the capillary tube 
method, however, generally yield values somewhat higher than those 
obtained by the constant deflection method. The ratios of values of 
viscosity usually come out about the same. In this instance the ratios 
disagree by nine parts in one thousand. Using Harrington’s value of 
air, we have 23 (He) = 1.077 m3 (air). Shultz* using the capillary 
tube method got 7,5 (He) = 1.086 7,5 (air), which ratio would not be materi- 
ally changed at 23° C in as much as the temperature coefficients of the two 
gases are nearly the same. Rankine‘ using a modified form of the 
capillary tube method got 79.3 (He) = 1.078 9.5 (air). After making an 
approximate slip correction his value agrees with Shutlz’s. Shultz’s 
value of the coefficient of viscosity of helium at 15° C, reduced by the 
Sutherland formula, gives n23 (He) = 2006 X 107”. 

In spite of this the writer feels justified in claiming a high degree of 

1 Collie and Ramsay, Roy. Soc. Proc. 59, 257 (1896). 

2 Gille, Ann. der Phys. 48, 829 (1915). 


3 Shultz, Ann. der Phys. 6, 302 (1901). 
4 Rankine, Roy. Soc. Proc. 83, 516 (1910). 
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precision for the value of the coefficient of viscosity of helium obtained. 
The method itself is generally considered to be superior to the capillary 
tube method. A statement as to the purity of the gas has already been 
made. Finally, from the small probable error in the mean value of k’ 
and from the consistency in the values of 23 for helium, it would appear 
that the value quoted is as nearly correct as Harrington’s value of 723 
for air. The error in Harrington’s work is probably not more than 
0.1 per cent. 

As has been pointed out, the coefficient of slip is essentially a difference 
between two measured physical quantities, each of which involves an 
error of the order of 0.1 per cent. When this difference is small, the error 
in the value of the slip may amount to several per cent. On the other 
hand, when the difference is large, the error mentioned would be small, 
but since the pressure for one of the readings would have to be low, the 
value of the slip coefficient would be unreliable, for at low pressures the 
free path becomes comparable with the distance between the cylinders. 
For this reason the slip determinations here recorded were taken within 
a range of pressures where the two effects taken together would introduce 
the least distortion. The range of pressures for oxygen was between 
0.37 mm and 0.08 mm of mercury. For helium, the free path being 
approximately three times that of oxygen, the range of pressures was 
shifted to values about three times as high. The mean of the coefficients 
of slip within this limited range should be correct to within one per cent. 

The fact that the ‘time effect’’ was not observed in the slip work is 
largely responsible for the consistency in the values of fs. Stacy and 
Van Dyke usually disregarded readings after the first hour or two, due 
to the rise in slip. This increase was attributed to the release of occluded 
gases of low viscosity. In trying out the silver oxide with air, the ‘time 
effect’’ was marked, but in the reverse direction. Silver oxide was found 
to give off oxygen at low pressures which would account for this decrease. 
In order to make sure that this was the true cause of the “time effect,” 
a study was made of the coefficient of slip of oxygen, which ought to 
remain constant with time upon the above hypothesis. Tables I., II., 
and V. indicate slight changes in pressure but constant values of the 
slip, which seems to verify the contention. In view of this, the mean 
value of {i is probably equal to the value of the coefficient of slip at 
zero time. 

In helium no “time effect’? was observed. This may be due to the 
fact that the coefficients of viscosity of helium and oxygen are nearly the 
same. Before the first helium runs were taken, however, the apparatus 
stood for a month at a pressure of about 0.001 mm of mercury. In the 
later slip work, the apparatus stood at low pressures for about 24 hours 
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and, as before stated, was evacuated to a pressure of the order of 0.0007 
mm of mercury before the helium was introduced; consequently over a 
range of pressures from 1.7 mm to 0.33 mm of mercury one might not 
expect the release of oxygen. A combination of these two effects may 
account for the consistency in the values of {7.. 

The coefficients of slip of oxygen and helium obtained are considerably 
lower than any values which might be expected from Maxwell’s expression 
for slip. The minimum value given by Eq. (1) would be obtained by 
imposing the condition of diffuse reflection; 7.e., placing f = 1. Whence 
és for oxygen = 70 X 107 and fy for helium = 191 X 10-7. The 
viscosities of oxygen and helium are so high in comparison with the 
viscosities of gases or vapors which might reasonably be expected to 
enter as impurities at low pressures that lowering of the slip through an 
increase of viscosity seems improbable. The observations seem to indi- 
cate no measurable change in slip over intervals as long as sixty hours, 
which would hardly be expected if there were changes in the character of 
the gas at low pressures. Turning to surface conditions, diffuse reflection 
would mean that the entire tangential component of the momentum per 
second due to the streaming velocity of the molecules is communicated 
to the surface. A lower value of the slip could arise only when a larger 
tangential force exists at the surface. This condition would be satisfied 
if a part of the molecules striking the surface rebounded with a com- 
ponent of velocity opposite to the general streaming velocity, the re- 
mainder of the molecules being assumed diffusely reflected. This ab- 
normal tangential force also suggests an increased density at the bound- 
ing surface, the excess molecules being furnished by the oxide surface. 
This would tend to diminish the streaming velocity of the surface layer 
and thereby increase the force at the surface of the cylinders. 

In conclusion, the writer wishes to thank Professor R. A. Millikan for 
suggesting this further study of the slip, and Professor H. G. Gale and 
other members of the staff at Ryerson for helpful suggestions and 
assistance in various phases of the work, especially in the purification 
and analysis of the gases. 


RYERSON PHYSICAL LABORATORY, 
CHICAGO UNIVERSITY, 
July 26, 1922 
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THE STATISTICAL THEORY OF SPONTANEOUS FLUCTU- 
ATIONS IN ENERGY, PRESSURE, AND DENSITY. 


By KuLEsH CHANDRA Kar. 


ABSTRACT. 


Theoretical derivation of expressions for fluctuations in energy, pressure, and 
density.—The fluctuation of a quantity, such as the energy, is defined as the 
ratio of the average deviation from the mean energy to the mean energy. 
The following expressions are deduced from a new statistical theory for ordi- 
nary temperature and pressure: Fluctuation in energy at constant volume 
= V(2/ynf) and at constant temperature = 2/fWn; Fluctuation in pressure 
or density at constant temperature = 1/V¥n; where n is the number of mole- 
cules, f the number of degrees of freedom of each, and 7 the ratio of total energy 
to kinetic energy. At the critical condition the first of these becomes (12/ynf)!/4 
and the last (6/n)!/*, The expressions obtained by Smoluchowski, Hauer, Fiirth 
and Laue are shown to be special cases of the above. Relations are obtained 
between the various types of fluctuations for the case of an ideal gas. 


INTRODUCTION. 


- 1904 Smoluchowski ' obtained from theoretical considerations the 
equation for the mean isothermal fluctuation of density of a gas 
|5.|~ due to molecular collisions 


(1) [del 7 -\2-2. 


where n is the number of molecules inside the volume considered. 

This equation being true for a gas will also hold for colloidal particles. 
As a result of a series of observations * with colloidal solutions Svedberg, 
Westgren and others found that the fluctuation of density really obeys 
Smoluchowski’s equation. 

In 1908 Smoluchowski* showed that at the critical condition of a 
gas |6.|, is given by the equation 


(2) jile = 


Nn 
which was subsequently verified by Kammarlingh Onnes and Keesom.*‘ 
Thus at the critical state the mean fluctuation is greater than at the 
ordinary condition. Smoluchowski, however, suggested that this fluc- 





1 Boltzman, Festschrift, s. 626 (1904). 
2 Svedberg, Die Existenz der Molekiile, Leipzig, 1912. 
8 Ann. d. Phys., 25, 205 (1908). 

4Comm. fr. the Phys. Lab. of Leiden (1908). 
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tuation of density might give rise to opalescence noticeable at the 
critical state of a gas. But he did not in that paper obtain any expression 
for the intensity of the opalescent light. Subsequently in 1910 Einstein ! 
obtained the value of the mean intensity of opalescent light which agreed 
with Keesom’s ? equation found experimentally on working with ethylene 
at its critical condition. It is noteworthy that in deducing the equation 
Einstein supposed the variation of density to bea circular function of the 
coérdinates. Now the intensity of opalescent light * as calculated from 
Smoluchowski’s equation is exactly the same as that from Einstein’s 
equation putting ¢=0. This is again an indirect verification of 
Smoluchowski’s equation (2). 

Later in 1915 F. v. Hauer‘ obtained an expression for the isochoric 
temperature fluctuation of an ideal gas at the ordinary conditions. 


(3) (57%) » - 2/3n. 


More recently, however, M. v. Laue® and R. Fiirth® have found the 
energy and pressure fluctuations by a somewhat similar method. 


a T/ 2 

(4) 6.2 - =e — bli + C.To (Laue), 
Av-U?| — (dp/dv) 

(5) 5,2? = x/n where x = C,/C, (Firth). 


It should be noted, however, that in these two kinds of fluctuations 
the temperature and volume are not constant. 


In the present paper it is proposed to develop a statistical theory 
of the different kinds of fluctuations. 


STATISTICAL THEORY. 


Let us consider a volume containing molecules within a large volume 
of a gas and suppose each molecule has f degrees of freedom. Then the 
behavior of the gas in the volume considered is given at any instant by 
the position of the representative point in 2nf dimensional phase space. 
Now due to molecular collisions and other factors, the representative 
point does not move in the same energy surface U, but between two 
energy surfaces Up and Up + dU». Or in other words the representative 
points are canonically distributed in Gibbs’s phase space according to 


1 Ann. d. Phys., 33, 1294 (1910). 
2 Ann. d. Phys., 35, 591 (1911). 
3 Die Theorie der Strahlung und der Quanten, von A. Eucken, p. 182, W. Knapp 
(1914). 
* Hauer, Ann. der Phys. 47, 365, 1915. 
5 Laue, Phys. Zeit. 18, 542, 1917; also R. Fiirth, Schwankungserscheinungen in der 
Physik. 
6 Fiirth, Phys. Zeit. 20, 350, 1919. 
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the equation ! 


where U is the energy. 

Thus in the canonical distribution the energy of the representative 
point does not remain constant but fluctuates within a certain range. 
And this fluctuation of energy, or the ‘dispersion of energy” as it is 
generally called, of the representative point measures the variation of 
energy of the ” molecules which it represents. If we suppose the poten- 
tial energy of the molecules to be nothing, the fluctuation of energy of 
the molecules can be caused only by the dispersion in the velocity or the 
positional space. Thus the total dispersion of energy is equal to the sum 
of the two partial dispersions in the velocity and the positional space. 
And it is evident that the energy fluctuation, when there is no dis- 
persion in the positional space (Lagenraum), will correspond to the 
energy or temperature fluctuation at constant volume (Hauer). Then 
again the fluctuation of energy at constant velocity space will give 
rise to pressure fluctuation at constant temperature. But they will 
not be identical as will be discussed below. Now let us calculate the 
energy or the temperature fluctuation at constant volume from the dis- 
persion theory. 

We have for the fluctuation of energy, (U — U)/ U. 

Suppose 

U=U+ g; 
therefore _ _ 
U? = (U)? + # + 2&-U. 


Taking the mean and remembering that — = 0 we have 


# = U? — (U)’; 





therefore 
6,2= = ~ (Uy a 
(U)? 
Also: 
9 
U S Ue hs Ar ; 
Se %Ar 
rs 
2p 6 
i? = S Ue Ar 


where Ar = Ar,:Arg. 


1 C, Shaefer, Einfiihrung in die theoretische Physik, Bd. II., Berlin, 1921; also Gibbs, 
Statistical Mechanics. 
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. 
(6) Putting x for 1/6 and P for fe ®Ar or fe~“*Ar, we have 





=- 1 dP 
U=-=—, 
(7) Pdx 
1@aP 
8 S aan : 
(8) P dx 
Therefore 
—— _ 1 a@P 1 (dP \? 
bao Da (0 oa ——| — 
g U? — (U) Pde FP (= ) 
dP 
dx\ P 
Hence remembering (7) 
— dU 
7 dx 
dU 
= @ 70 from (6). 


Suppose U = yL,! L being the kinetic energy. From the equiparti- 
tion theorem 


= 
(9) dealt te 
so that 

= _ mf, 

P= 
Hence 

(6.2) —_ - 

ynf 

or 


Sule = \ ae 
sili ynf 


For ideal gas or colloidal particles y = 1 and f = 3, thus, at ordinary 
temperature and pressure, 


which is Hauer’s equation. 
At the critical condition we suppose £ = 0, so 
- # = Ut —(U)s 
(10) ‘ff = —— = —=— 
(U)' (U)$ 
a ' For an ideal gas, the potential energy ¢ is zero, so that y = 1, but for solids 
@=L,t.e., 7 = 2. 
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Differentiating (7) with respect to x we have 


-¢ (2; 
dx? dx 
pot Pp 


On further differentiation with respect to x 


d p= _ 
(11) = 


i dP 4 aP P (3 ) 
- um dx* dx dx? dx 
12 aE al ae 
(12) dx? (U) P + P P3 


On differentiating again 
d*P dP dP (S ) 


Oo dx! dx® dx dx? 
I an j = at __ ———— + —- -—~ 
(13) aa) P 4 P 3 P 
(4)S (2) 
dx } dx dx 
—_ 


Substituting the value of U from (9) in (11) remembering (8) 
- dU " 
i= o— 2 
—+ (U) 
‘* ert (1 + ma ) 


2 2 


(11a) 


Again substituting values of U? and U in (12) we have 
34,343 93 
oe +S eenp (1 4 wt) o ae 


Pant | — I + Sng (a +7) - rer. 
4 2 4 


-~ 


(12a) 


Similarly from (13) 


O% = so'ynf + 2ynfo-otanf | —1-+Synj(x + BL) — Yee 


2 4 
2y2f2 2 
(13a) 5 Om (1+) 
4 2 
— [2: Py'n*f? e are ( I + ut) +. 6 yin*f*6 e 
4 2 2 16 
Therefore 
# = vi _ (U)* = 30tynf + 204-y2n2f2 | —1+ 3 vn ( 1+ mt) — vet 
4 2 4 


2y2f2 2 
+ 3° a (: +i) — 12 me +7) + 5° a Ml 
4 2 8 2 16 
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= pine ~ ace + 3ynfe. 


Hence ; 
, y'n® {394 — . yn? f?4 3ynfe 





(54) = I . 
_—_ An tf 494 
=e Ves 

_ 12 20 48° 
rnp nif nf 
4 
ynf 
when 1 is large or 
' ‘72 
bul, = V—- 
| |» ons 


For simplicity we suppose ¢ = 0 or y = I, so that 


4/12 
nf 
Let us now find the pressure fluctuation at constant temperature. 


As before we have the isothermal pressure fluctuation at ordinary con- 
ditions given by 


(14) |dule = 





— 9 =— PP 
(15) (6,")r or 
Also: 
—~ Sf (dU/dv)e~""Ar , 
bm ee’ 
— _ JS (dU/dv)*e~ "Ar 
ile Se "Ar 


Remembering (6) we have 


i nt aU |v, 
dv 6 dv 
d?P I dU\? _y 
ora +if (Z)e UP Ar. 
Hence we have 
Se ie ; 
(16) d?P /dv* 
P=+F —_ 


Substituting (16) in (15) and after transformation we get 
1C. Schaefer, loc. cit., p. 445 (85). 
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— dP/dv g db/ de | 
6,) =  — a / ° ’ 
(17) Gir = @£ (PL) | = - oP 
(18) but p = 6/v.! 
Using (18) we get 
(19) (5,7) p = 1/n. 


Now at the critical condition, dp/dv in (17) is zero, so that (6,?), = 0. 
Therefore the critical fluctuation of pressure will be given by 
pt — (p)* 

(p)* 

The right-hand term of equation (20) is evaluated as in (10) and we 
have 


(20) (5,4) >= 


— 6, I! 6 
(,4)7 =-+—=+—) 
nn wn 
or when » is large __ 
(21) (5,4) = 6/n, i.e. |5,|p = 1°56/ Nn. 


One may note here that the iosthermal energy fluctuation cannot be 
obtained as the isothermal pressure fluctuation. Therefore a special 
device has been used in this case. It is not difficult to see that equation 
(17), in which p is taken only as a function of volume, is perfectly gen- 
eral and it will be possible to get the value of (6,7), by simply putting 
U for p. We thus have from (17) 

Gr = ~ 0 | Gp = -of . 
(U)? 

Now remembering U = (f/2)(n0/v) and p = n0/v, we have 

(22) (6.2)7 = 4/frn. 


We leave the matter here to discuss it later on in connection with 





Laue’s energy fluctuation. 


RELATION BETWEEN DIFFERENT KINDS OF FLUCTUATION. 


_After deducing from the dispersion theory the values of (5.2) vs (522) vs 
(5,2) and (6,),, we shall next proceed to find the different kinds of 
fluctuations considered by previous workers referred to in the introduc- 
ton, from the fundamental relation proved just now. 

From the gas equation pv = RT we have 


(p* + Ap?) (o* — Av?) = RAT? + AT), 


where the bar represents the mean fluctuation of the corresponding 
quantities. 
1C. Schaefer, loc. cit., p. 447 (98). 
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Ap? _ Av AT? 








(23) Hence - re 2 7 
From the above equation we get the following fundamental relations: 
(24a) (5;2)¢ = (5°), 
(245) (534). = (6,2)., 
(24c) (5.2)» = — (57°)», 
(24d) 52 = 8, 


where p is the density. 
Now combining (24a) and (24d) we have 
(5,?)r - (5,2)r 
and hence with the help of (19) we have 
(25) (5,2) 7 - 1/n, 
which is Smoluchowski’s density fluctuation.' 
Again we have the general equation 


5,2 = (8,2)7 + (5;°)». 
Now using (240) we have 
5,2 = (6,2) + (Ox2)> = (837) ep + (2) 


or substituting the values of terms in the right-hand side of the equation 
we get 





5,2 =1/n + 2/fn 


=x/n where x = (f + 2)/f, 


and this is Fiirth’s equation (5) for pressure fluctuation at the ordinary 
conditions. And at the critical state this fluctuation will be 6x/n as will 
be seen from (14) and (21). 

Similarly we have for the energy fluctuation 


6? = (8.2)» + (6.2). 
ean 2/fn + 4 f?n - 2x/fn, 
this being Laue’s equation as will be seen by transforming his original 


equation (4) with the help of the well-known formule 


dU =p= nkT where kT = @, 
_ dv v 
U = (f/2)(nkT/v) and c, = (f/2)(nk/v). 


47 CORPORATION STREET, 
CatcuTtA, March 29, 1923. 





1 In his paper referred to in the introduction, Smoluchowski has calculated |p|7 and 
not (6.?)7. But (é,?)7 calculated from his theory is exactly as in (25). See Fiirth, 
Schwankungserscheinungen, pp. 22 and 55. 
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THE EFFECT OF TEMPERATURE ON GRAVITATIVE 
ATTRACTION 


By P. E. SHAw aAnp N. Davy 


ABSTRACT 


Variation of gravitational attraction with the temperature of the larger mass, 
20° to 250° C.—It is invariably assumed in computing the masses of the 
heavenly bodies that the temperature effect is zero; but except for the work of 
the authors, we have no direct evidence for this assumption, since it must be 
allowed that the results of balance experiments in which the temperature of 
the smaller mass is varied up to 100° only are inconclusive. In 1915 a 
laborious series of experiments was performed with a Cavendish torsion 
balance, which indicated a positive temperature coefficient for the gravitational 
constant, of 107° per degree. Recently the apparatus has been changed 
by substituting a more rigid support, iron girders for the former wooden 
scaffolding, and by providing better thermal insulation between the heated 
outside large masses and the vacuum chamber containing the smaller masses. 
The result of eleven series of readings is a mean difference (hot minus cold 
deflection) of — .o5 mm in 208 mm, or 1/40 per cent on a range of 200°. While 
most of the differences are negative, two positive results were obtained; and 
since the observational error is of the same order as the result, the conclusion is 
that the effect, if it exists, is less than 2 X 10~* per degree, and may well be zero. 
The previous result is explained as probably due to a slight change in the relative 
positions of the large and small masses, reversible with the temperature 
change. 


INTRODUCTION 


OME years ago one of us published an account of experiments on this 
subject.!. The results shown in that paper seemed to indicate that 
the attraction between masses depends, under certain conditions, on 
their temperature. The ultimate result attained in that research was 
that, on raising the temperature of the large external masses M, M, 
of a torsion balance system in which the small internal masses m, m 
remain at constant temperature, the attraction of the large on the small 
masses increases by about 1/10° per 1° C. 

In a later paper? it was shown as the result of further work that the 
above numerical result is increased about 8 per cent when allowance is 
made for expansion of the beam carrying the large masses. The above 

1 Shaw, Phil. Trans. (May, 1916). The text of this paper unfortunately contains a few 
errors of an important nature. For these we append the following errata: p. 356 
Equation III should read: @ = CM"!%. D*/8T?/a; p. 357. (line 9) should read: Sensitive- 
ness « R.D.; p. 357 (line 10) should read: Radius and Density are of equal importance; 


PP. 373, 375, 380: The oscillation periods should be 252, 280, 280 seconds (not minutes). 
2 Shaw and Hayes, Proc. Roy. Soc. (April, 1917). 
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temperature effect was obtained after eight years of work, mostly spent 
on overcoming the technical difficulties peculiar to the experiment, 

This result is certainly important if true. Thus, the masses and 
densities of the earth, sun and planets and other heavenly bodies are all 
derived by supposing these bodies, though at very high mean tempera- 
tures, to have the same gravitative pull as if their temperatures were 
those of the masses used, say, in a laboratory in a Cavendish torsion 
balance at 20°C. And although in the experiments about to be described 
the temperature only rises to about 250° C at the most, whereas the mean 
temperature of the sun and stars may be reckoned in four or five figures 
on the Centigrade scale, yet any evidence of a temperature effect found 
at low scale temperatures would at once invalidate the commonly quoted 
figures for mass and density, and we should have to regard them at best 
as “‘effective’’ and not true values. In that case, since we can never deal 
experimentally with these very high temperatures, we could never hope 
to know the true masses of the heavenly bodies. 

The nil effect obtained by Poynting and Phillips* and that of 
Southerns ‘ do not directly affect the issue. They are both “weight” 
experiments made with a gravity balance and therefore directly deal 
with the small mass only, whereas the present research deals with the 
large mass. But even if it be claimed that these weight experiments 
provide an a priori proof that there is no temperature effect, this claim 
can only be made for temperatures up to 100° C, which was the upper 
limit used in these researches. Therefore we have no experimental 
warrant apart from the present series of researches for considering the 
Newtonian constant of gravitation to be unaffected by rise of tempera- 
tures above 100° C; and the present work only carries us up to 270° C. 


METHOD AND APPARATUS 


The general methods of the present research are identical with those 
employed before and the materials also are unchanged. But the sup- 
ports and the suspending systems of the large masses M, M’ and of the 
small masses m, m’ are entirely different; they are stronger and more 
massive. It is clear from a study of the old experiments that even 
minute movements occurring during an experiment of the small masses 
relative to the large ones might cause spurious effects of the order of 
the small temperature effect found. So it was felt that in repeating 
the work special care should be taken to provide rigidity and immobility 
in these particulars. The changes introduced have greatly improved 
the apparatus and enabled a higher order of accuracy to be reached, and 


8 Roy. Soc. Proc. A, 76 (1905). 
4 Roy. Soc. Proc. A, 78 (1906). 
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it is now found that the temperature effect is less than 2 X 10~* and 
may well be zero. 

Of the apparatus and processes used only a brief account is required 
as they are similar to those given in detail in the former paper,’ to which 
the reader is referred for a further account of methods and precautions 


employed. Stated in general terms, the object of the research is to 
measure the change in attraction, if any, occurring between two solid 
masses, one large and one small, when the temperature of the large one 
is raised. A torsion balance of the Boys-Cavendish type is employed. 
The torsion system carries the small masses in a vacuum, outside which 
are the large masses. Between the large and small masses screens are 
arranged to stop the flow of heat to the inner system from the large 
masses when these are raised in temperature. 

The Inner System.—Figs. 1 and 2 are side and front views of the main 
part of the apparatus. In the center of Fig. 1 is the vacuum tube VV 
which is 120 cm long and 5 cm in diameter, and contains the torsion 
balance with its small suspended masses m, m’, hanging by separate 
wires, 32 mm apart. VV is suspended inside the sheath S by a cranked 
iron bar D supported on and swivelling in sleeves on a board 7. This 
board is heavily loaded with lead L and is supported by 16 steel springs 
whose upper ends are attached to an iron frame F which is bolted in 
four places to the pair of stout angle irons AG. These irons stretch across 
the width of the vault and are recessed into the holes in the brick walls. 
They are heavily loaded and rest on steel balls which are imbedded in 
rubber pads P. Thus the angle irons and their attachments form a 
“floating’’ system free in part from the vibrations of the walls. The 
board 7 and the vacuum tube suspended from it in cantilever fashion form 
an inner floating system whose lateral movements are checked by rubber 
pads R resting on the angle irons while the tube S resting on the tripod 
Tr constitutes an outer system. 

The lower end of the vacuum tube is firmly socketed into a brass tube 
which penetrates a brass ring K in which are four set-screws to adjust 
the tube to a plumb position and hold it there. The ring K is clamped 
to two piers of cemented bricks Br resting on concrete slabs C. The 
whole masonry base weighs 500 |b and rests on rubber blocks Ru. Thus 
the supports of the vacuum tube and its contents both above and below 
consist of heavy floating systems. In this way the torsion balance is 
well guarded from the tremors of the building and ground. These special 
anti-tremor devices are required by reason of the location of the appa- 
ratus in the University College in the center of Nottingham and near 
a trunk railway. In using an asymmetrical system such as this torsion 
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balance, which has the small masses at different heights, any tremors 
when once received are converted into pendular movements of two fre- 
quencies and thence into torsional vibrations. These vibrations are long 
retained but die away gradually by the viscous drag of the residual air in 
the vacuum. 
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Fig. 1 


At the top of the vacuum tube VV are seen the wire E, for earthing the 
inside of the tube, and the tap W, which is connected by tube V7, Fig. 2, 
to the vacuum pump and manometer. The vacuum tube is surrounded 
by cotton wool lagging, helical rubber water tubes, and polished copper 
sheath, as shown in Fig. 1, the whole forming a wall all round the vacuum it 
tube, 4 cm thick, designed to maintain the temperature in the vacuum 
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constant even when the large external masses M, M’ are at 270°C. The 
water tube system Sc surrounding the vacuum is shown; its action was 
explained in the former paper; the triple inlet JW and outlet OW are 
shown in Fig. 2. The funnel Fu which guards the window of the vacuum 
tube from heat given off by the large masses M, M’ is also thoroughly 
protected from heating, by lagging, water tubes, and copper sheath. 
In order to prevent passage of air into the funnel its mouth is covered by 


a card with a rectangular hole V through which the two mirrors can be 
seen from the telescope. The funnel is supported on the table Ta which 
for stability is loaded at Z; and the vacuum sheath rests on a brass tripod 
Tr which stands on the cement slabs C. 

The Outer System.—The large masses M, M, of lead, each of 47 kg, 
are carried with their heating coils H by rods and adjustable turn-screws 
Y attached to a girder beam B (3’’ X 3’’).. This beam rests in a stirrup 
St and is supported from the wheel R which travels along the girder G 
(3’’ X 6”). G stretches across the vault and its ends rest in recesses 
in the side walls and are there bricked in solidly. These girders and 
other supports are designed to carry a load of 300 kg; and in order that 
the rotation at 7h and the to and fro movement of R on the girder G 
may be easy and smooth throughout an experiment, the former is pro- 
vided with a thrust ball-bearing Th and the latter with a journal ball- 
bearing surrounding its axle. The wheel R can be brought to any 
desired position on G and rigidly clamped there by girder clips Q:, Qe, 
one on each side of R. Suppose that the rotating center 7h has been 
brought accurately over the torsion head in the vacuum tube; then the 
masses M, M can be swung on B coaxially round the inner masses m, m, 
until the A, B positions of maximum couple are attained (see Fig. 3). 
Stops S are provided on a bracket X which is fixed on the end wall of the 
vault, and extension bars shown on the beam B are brought to these 
stops and are clamped there. 

This system has mobility. It is possible during an experiment to 
unclamp either Q; or Qe, rotate the beam B and run wheel R and all 
depending from it to one end of girder G, and then bring up an alternative 
system R’ into position over the vacuum tube. 

For further elucidation of the apparatus two photographs are given. 
Fig. 3, Front view as seen from one side of the telescope; Fig. 4, Back 
view, the telescope and scale being at the far end of the vault. The 
angle girders which carry the inner vacuum systems are seen prominently 
high up, Fig. 3. The Gaede pump and manometer, as also water pipes 
passing to and from the sink, are seen in both photos. In order to 
obtain clearer views, some outer wrappings have been removed from the 
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funnel and its supporting table. The two white surfaces seen so promi- 
nently in Fig. 4 are cotton wool lagging introduced for protection, respec- 
tively, of the top of the vacuum tube and of an exposed water pipe which 
passes round the sheath of the inner system. The scale used for the 
telescopic readings is 6 meters from the inner system. It is seen between 
the two bright horizontal surfaces at the far end of the vault, with the 
telescope field lens showing bright below it. The height and width of the 
room, as seen in Fig. 2 are each 10 ft. 

To the right of, and 6 meters from the torsion balance, but not seen 
in Fig. 1, are the telescope and the scale graduated in mm. As explained 
in the former paper it is desirable to have two mirrors; one fixed to the 
outside of the vacuum tube, another in the usual way on the beam of the 
torsion balance. The former enables us to make correction for rotation, 
if any occur, of the vacuum tube. By deducting any rotation of the 
former mirror from that of the latter we obtain the true net rotation of 
the torsion beam. In the present arrangement both mirrors reflect 
light from the same scale whereas formerly the two mirrors reflected 
light from different scales into the telescope. Thus in the present 
arrangement we eliminate one link in the optical arrangement and avoid 
any error due to possible displacement of the two scales relative to 
one another. 

In Fig. 5 we have a plan showing the vacuum tube with beam and 
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Fig. 5. 


small masses m, m’ surrounded by cotton wool W and the water tube 
space J. The large masses M, M’ are shown set at the A position of 
maximum influence, 17° from the normal to the torsion beam. When 
the B position is required, the masses M, M’ are swung round coaxially 
with V, as shown by the arrows. The shading of the masses is meant to 
show that M and m are in one horizontal plane whereas M’ and m’ are 
in another. 
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EXPERIMENTAL RESULTS 


The experiments were conducted and tabulated just as described in 
the old paper. The readings, in full, of one typical experiment are given 
in Table I. Columns 2 and 3 show the azimuth mirror readings of the 
vacuum tube and the beam respectively. In column 3 are shown the 
extreme scale readings as the beam swings to and fro. These are in 
sets of three, each set containing A and B positions alternately (see Fig. 
5). The error of a single reading is generally only 0.1 mm but may be 
on occasions as much as 0.2 mm. Most of the latter error is due to the 
fact that the scale as seen in the telescope is generally quivering. In 
column 4 are entered the equilibrium positions Z, as found from column 
3 by the expressions used in the previous research: 


a (c — b)° 

(a — b) + (¢ — d) 
where Z = equilibrium position; a, b, c are successive scale readings, 
and d = decrement. The results in brackets, column 4, are obtained 
from those immediately above by correcting for the tube readings, 
column 2. The last column gives the temperatures of the lead spheres 
M, M’ as the experiment proceeds. 

A glance at column 2 will show how steady is the reading of the tube 
azimuth, there being only 0.1 mm variation during the cold readings and 
0.2 in the hot. In the old experiments this variation amounts to 0.5 
mm or more. This rotation of the vacuum tube is as we have seen 
not in itself a source of error but it suggests that the vacuum tube has 
too great a degree of freedom relative to the large masses M, M’. And 
the movement of the outer system relative to the inner, brought about 
by heat, may have introduced errors in the results of the former experi- 
ment. This will be discussed further below. 

Summarized results of the experiments are shown in Table II. In 
column 2 for dates 8/2 and 8/4 are shown two experiments C—H in which 
readings were taken with the coils in the lead spheres heated so that in 
those cases the temperature is rising during the experiment. It is more 
satisfactory to have temperature falling and no heating current passing, 
and this is the usual method; but it will be observed that the results for 
these two C—H experiments are not materially different from the other 
nine given in column 6. 

To explain Table II., take as an example of cold and hot experiments 
those of date 7/30. For the first the temperature is 18°; for the second 
it falls from 230° to 140°. Seven results are found for the cold equilibrium 
position whose mean is 207.06 mm on the scale. Twelve results are found 


_ad+b 


Z=C Z=——, 
” 1+d 
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for the hot with mean 206.98. The mean difference in range is — 0.08 
mm. The minus sign indicates that the gravitative attraction between 
the masses is less when the masses J/, M’ are hot than when they are cold. 
In column 7 we see that the differences in equilibrium positions are not 
more than 0.3 mm cold and 0.3 mm hot. These are a measure of the 
accuracy with which scale readings can be taken in cold and hot experi- 
ments respectively, as the image of the scale moves to and fro in the 
field of the telescope. 
TABLE I 


A Typical Hot and Cold Experiment 





CoL_p READINGS 














I 2 3 4 5 | 6 
Torsion Z 
Tube beam Equilibrium | Range |Temperature 
Time readings | readings position mm of M, M’ 
mm mm mm 
12.10 p.m. 208.5 280.5 | 18° C 
508.5 416.95 
355-5 
206.95 
788.7? 
513.4 623.9 
698.0 
207.0 
277-1 
510.8 416.9 
353.8 
| 207.2 
788.4 
513.9 624.1 
698.0 | | 
| 207.2 
208.6 252.3 | 
527.6 417.0 | 
| 


342.9 | (416.9) 





More water run in the tubes than this morning 





3.12 p.m. 208.6 253-5 18° 
527.1 417.2 
343-4 (417.1) 
207.0 

792.1 
511.7 624.2 
699.5 (624.1) 

| 207.0 
265.0 
519.1 417.2 
349.1 (417.1) 

| 207.0 
510.4 
701.1 624.2 


572.3 (624.1) | 
| 207.06 MEAN 
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Hot READINGS 


Same water flow as this afternoon 

















I 2 3 | 4 5 
Torsion Z 
Tube beam Equilibrium Range (Temperature 
Time readings readings | position mm of M, M’ 
mm mm mm 
8.25 p.m. 208.7 330.9 
475-5 417.3 
378.1 | (417.1) 
| 
208.6 777.3 | 
521.7 624.2 206.9 220° 
692.9 (624.1) 
| 
8.40 p.m. 208.75 | 254.5? 417.2 
526.2 207.1 213° 
208.8 344.2 417.3 
466.5 (417.0) 
206.95 | 200° 
208.7 749.1 | 
540.0 624.1 
208.6 680.7 (623.95) 
207.15 194° 
208.8 264.5 
519.5 417.1 
348.4 (416.8) 
206.9 188° 
208.7 781.8 
518.1 623.9 
694.8 (623.7) 
206.85 180° 
208.8 266.3 
518.6 417.25 
349-2 (416.95) 
206.85 172° 
208.7 517-5 
695.4 623.9 
575-9 (623.7) 
206.9 165 
208.8 291.0? 
502.0 417.1 
359.0 417.1 
455-7 (416.8) 
207.1 152° 
208.75 757.8? 
534-3 624.1 
208.7 684.5 (623.9) 
207.1 147° 
9.55 p.m. 208.8 263.7 
520.0 417.1 
348.0 (416.8) 
206.95 140° 
208.7 775.6 
522.5 624.0 
| 692.1 (623.75) _— ; 
206.98 MEAN 





The oscillation period between consecutive readings, column 3, is 290 sec. 
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TABLE II 


Summarized Results of Experiments 

















| | 
I 2 3 4 5 6 7 8 
|Nature of| E 
| | : . xtreme | p. 
— 'Temperature| Number M Difference variation | a ed 
Date | ment | of large ° Mean in mean in equi- variation 
| C=cold range ranges oe in tube 
1921 | spheres ranges librium eal 
| H-C= | ? b mm hot-cold Apr readings 
| MM taken position 
from hot | mm mm 
| to cold — 
7/21 | Cc | 18° | 12 208.43) 2 45 
7/22 | C 18° | 12 208.40 | —.04 2 4 
7/23 | H-C | 200%130° | 11 208.37 _ 4 4 
7/24 | C _ | a 7 208.46 ) — 3 4 
7/25 | H-C | 210°%120° II 208.38 & —.07 6 2 
7/26 H-C | 240°-160° Ss 208.40. ) 6 2 
7/30 | C | 18° 7 207.06) dill 3 
| H-C | 230°-140° 12 206.98 : 3 iz 
8/1 ; ££ | 18°.5 6 207.09 _ 3 
H-C | 250°-150° 12 207.08 : a 0 
8/2 | C | 18° II 207.19 4 
—.10 .25 I 
| C-H | 75°-160° 12 207.09} 6 
8/4 c | 20° 7 207.11 | — o8 s 
| C-H 20°-220° | 8 207.03 } 3 15 
| H-C 230°-130° | 13 207.19 i Ty 5 
8/6 | C 19° 6 207.38 3 
| H-C | 215°%120° | 10 207.40 | f ve 4 e 
8/7 % 19° 6 207.72 = I “ 
H-C 220°—-130° oa 207.60 | _ 4 wi 
8/10 | H-C 230°—120° | 7 207-53 |\ _ 16 4 - 
| C 19° 6 207.63 {f[ ° 3 ad 
| | Mean —.05 


Notes: (1) The vacuum for the first six dates was 10 mm. It was let down to 20 
mm on date 7/30, and further to 25 mm on date 8/7. Apparently any vacuum between 
these limits is suitable. 

(2) The water flows through the rubber tubes round the vacuum at the rate of 
about 1 litre per minute. The flow must be commenced at least two hours before the 
commencement of an experiment and is maintained constant until the experiment is 
over. The temperature of the water flow will then remain constant to 0.1°. 


Now consider Table II. as a whole. The last column in Table II. 
shows that except in the first few experiments the scale, telescope, and 
vacuum tube are very nearly at rest relative to one another, since the 
extreme variation is not much greater than the smallest perceptible 
movement, 0.1 mm. Number 6 is the most important column as it 
shows the magnitude of the temperature effect, if any exist. These 
eleven results have values of 0.12 mm or less. Two have positive values, 
nine have negative, the algebraical mean result of all eleven experiments 
being — .05 mm. The temperature ranges are not the same in all the 
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experiments but this need not be considered in taking the final mean. 
The result — .05 mm seems to be an indication of a small temperature 
effect. 

Taking the figures of this experiment we find that the probable error 
of the cold experiment is + .03 mm and that of the hot experiment 
+ .02 mm, and the probable error of the mean of the whole series of 
experiments is less than .o1 mm of scale. 


TABLE III 


Observed differences in ranges, hot minus cold, in mm. 
Old series: + .58, .51, .48, .45, .42, .40, .38, .36, .32, .30, .28, .26; mean + .40. 
New series: — .12, .10, .10, .08, .08, .07, .07, .04, .OI, + .02, .09; mean —.05. 


For comparison, the old and the new series of results for difference in 
range, hot-cold, are given in Table III. This shows clearly that the 
new results are more consistent than the old; and that the temperature 
coefficient, instead of being 1.2 X 107°, as given by the previous work, 
is certainly less than 2 X 10~* and, in view of the observational errors, 
may well be zero. 

It can be readily calculated that a small displacement of MW, J’ 
relative to m, m’ of only I mm in a horizontal direction perpendicular to 
the line between them, or of 4 mm in a vertical or radial direction, 
if reversible with temperature, might give rise to an apparent gravitative 
temperature effect of the amount found in the earlier experiments. 
The old apparatus was carried by a stout wooden scaffolding firmly 
secured to the cement floor and vaulted roof and was crossed-braced 
with stout scantling. The scaffolding surrounded the apparatus, and 
though cards were used to screen heat from all wooden parts, the latter 
probably yielded during the heat experiments. 

The apparatus has now been left intact as recently used; so that the 
work can be extended at any future time. Small modifications in it 
might be applied with advantage, chiefly with the view of confining the 
freedom of the outer and inner systems each to one degree, viz., rotation 
on a vertical axis. A serious difficulty which will be encountered in 
any attempt to attain a higher order of accuracy is the vibration of the 
torsion system. As this cannot be overcome by providing more freedom 
to its semi-floating supports and as the vacuum cannot be let down so 
as to damp out vibrations as they arise, there only remains the (un- 
pleasant) course of conducting all standard. experiments in the least 
vibrational period of the day, i.e., between midnight and 4a.m. One of 
us has already burnt much after-midnight oil on this arduous work. 
The removal of the apparatus to some spot in the country remote from 
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town vibrations is a luxury denied to those whose research must be done, 
if at all, in the town in which they work and in the College in which there 
exists suitable equipment, including work-shops. 

These experiments and those published in 1915 are the only attempts 
to conduct the Cavendish gravitation experiment with hot bodies. 
They have shown conclusively that such gravitation experiments can 
be performed with high accuracy provided the torsion balance is in a 
vacuum and is surrounded by a protective screen of flowing water and 
non-conducting material. Contrasting the methods of the recent experi- 
ments with those of seven years ago, we see that there is no difference in 
the heating or the heat-screening arrangement or in the vacuum or its 
contents. This proves that the old effect which now appears spurious 
was not caused by heat trouble but probably by mechanical defects 
which we have now removed, and that our heating arrangements have 
all along been satisfactory. 

We wish to record our great obligation to the Royal Society for a 
grant in aid of the research. 


UNIVERSITY COLLEGE, 
NOTTINGHAM, ENGLAND, 
November 10, 1922 
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OVERTONES OF LARGE TUNING FORKS 
By S. HERBERT ANDERSON 


ABSTRACT 


Overtones of large tuning forks._—Elimination of the first overtone, frequency 
6.27 times the fundamental, which is usually very prominent for forks of pitch 
below 256 d.v./sec., can be secured by striking the fork witha soft, padded hammer 
at the internal node, situated one fifth the length of the prong from the free end, 
and at the same time holding the fork lightly at the antinode, situated two fifths 
the length of the prong from the fixed end. The elimination of this overtone 
has made it possible to detect a new overtone whose frequency is approximately 
three times that of the fundamental. This tone seems to be due to the vibra- 
tion of the fork as an unsymmetrical free-free bar with one internal node 0.37 
the length of the prong from the outer end and antinodes at the tips of the 
prongs and the tip of the stem. 


T has long been recognized that tuning forks are the most satisfactory 
sources of pure tones. As shown in treatises on Acoustics, the nodes 
of vibration of a tuning fork closely approximate to those of a fixed-free 
bar, in which the first three overtones have frequencies 6.27, 17.55, and 
34.39, respectively, times that of the fundamental. When the forks are 
mounted on resonators tuned to the prime, the overtones are not generally 
noticeable, due to the fact that their intensity is small and the resonators 
do not have modes of vibration corresponding to these inharmonic 
overtones. While this is true for forks of pitch C; (256 d.v./sec.) and 
higher, the writer has found that in lower pitched forks the first overtone 
is very troublesome. 

The prominence of the first overtone in large forks seems to be due to 
two causes: first, the prongs are relatively more slender than in higher 
pitched forks so that the stiffness is not as great and higher modes of 
vibration are favored; second, the long boards of the large resonator 
boxes are more readily forced into vibrating with the frequency of the 
overtones than is the case with the smaller resonators. It may be noted, 
in passing, that for this reason brass resonators of the Helmholtz or 
Koenig type are more satisfactory for large forks than the wood 
resonator boxes. 

The prominence of the first overtone (which is the only troublesome 
one) may be somewhat reduced by using a soft, padded hammer and 
taking care to strike the prong only at the node for this mode of vibration, 
which is situated about one fifth the length of the prong from the outer 
end. But these precautions are not sufficient. 
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Some little time ago it was observed that if the prongs of the fork are 
grasped gently with the thumb and index finger at the antinodal point 
for this overtone, about three fifths the length of the prongs from the 
outer end, the first overtone can be effectually eliminated. The inten- 
sity of the prime is slightly decreased but not seriously, and this is more 
than compensated for by the purity of tone that is thus secured. 

The elimination of the first overtone has made it possible to detect 
another overtone which apparently has not been noticed before. My 
attention was first called to this by Mr. Paul M. Higgs of this department 
when the above method of securing a pure tone was being demonstrated. 
This new overtone was found in all the large prong forks available in this 
laboratory. With C, and the G, forks, the pitch of the overtone is 
approximately an octave and a fifth above the prime; with the C, forks 
it is approximately an octave and a third. It could be heard in a C; 
fork, but is of too short duration to determine the exact pitch. 

The accompanying table gives various data regarding the forks studied. 
The position of the node was found by running the index finger and thumb 
along the prongs as the fork was struck with arubber hammer. Repeated 
trials showed the accuracy of this method very nearly as good as the one 
used for finding the node of the first overtone (described below). When 
the prongs are held at this nodal point and the fork is struck just a little 
above the yoke, the new overtone is brought out the loudest and all other 
tones are practically nil. The vibration seems to be a transverse vibra- 
tion of the fork as a whole, extending from the node down through the 
yoke and stem. It may therefore be called the stem overtone. Loading 
the yoke lowered the pitch. The tips of the prongs probably have their 
velocities in the same sense instead of opposite senses as is the case with 
the prime, the mode of vibration being that of an unsymmetrical free- 
free bar with one node. This overtone is more prominent when the fork 
is mounted on a wood resonator box, provided the direction of vibration 
is parallel to the width of the box and not the length. 

The frequency of the new overtone in each fork was found by counting 
the beats it produced with another fork of known frequency, except for 
the first two forks, for which forks of the required frequencies were not 
available. The duration of this overtone varied from about two seconds 
for fork number six to about five seconds for number one. 

The position of the node of the first overtone was found by mounting 
the forks so that the flat faces of the prongs were horizontal, scattering a 
little chalk dust on the upper faces of the prongs, and bowing at the ends 
of the prongs while the prongs were damped at about one fifth the length 
of the prongs from the outer ends. The chalk dust gathered in a little 
ridge at the node. The frequency was found as for the new overtone. 
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TABLE I 
Linear dimensions are expressed in centimeters; frequencies in double vibrations per 
second 
2 = -— wee - SSeS 
Prongs New Overtone First Overtone 
Prime 
fre- ~—T ceeas pnieaiins i 
quen- | Dis- 
Cy |Lgth.'|Width| Thick-| tance Fre- | Fre- 
f ness | apart | Node? | quency! f/f | Node® | quency) f/f 
cm | cm cm | cm fe | fi 
64 | 30.8 | 1.70 | 0.80 2.9 0.364 | 1945 3.033 | 0.229 406.3 | 6.35 
644 | 29.9 | 1.88 | 0.90 4.9 0.378 183° | 2.86% | 0.268 399.0 | 6.23 
128° | 23.8 | 1.70 | 1.02 | 3.84 | 0.399 | 320.5 | 2.50 | 0.282 | 792.0 | 6.19 
128° | 21.3 | 1.94 | 0.80 | 3.34 0.376 | 309.7 | 2.42 | 0.237 800.0 | 6.25 
128 | 19.4 | 1.27 1.63 | 2.30 0.361 | 314.8 | 2.46 | 0.229 798.8 | 6.24 
1925 | 18.0 | 1.49 | 0.89 | 1.85 0.345 | 517.0 | 3.16 | 0.238 | 1190% | 6.2 








By comparing the data for the two overtones, it will be observed that 
there is little greater uniformity in the position of the node in different 
forks for the stem overtone than for the first, but in spite of this there is 
less uniformity in frequency for the stem overtone than for the first. 
This is probably due to the fact that there is considerable variation in the 
shape and weight of the yoke and stem with different forks, and since 
the yoke vibrates as a whole, this will affect the frequency more in the 
mode of vibration of the stem overtone than in that of the first overtone. 





DEPARTMENT OF PuysIcs, 
UNIVERSITY OF WASHINGTON, 
SEATTLE, WASHINGTON, 
January 6, 1923 


1 The length of the prong is the distance from the tip to the beginning of the curve of 
the yoke. 

* The position of the node is given as the ratio of the distance of the node from the 
free end to the length. 

3 Approximately only. 

* Maker Valentine and Carr. 

5 Maker Kohl. 
6 Maker Standard Scientific Co. 











THEORY OF STRINGED INSTRUMENTS 


THE DYNAMICAL THEORY OF THE BRIDGE OF A CERTAIN 
CLASS OF STRINGED INSTRUMENTS 


By K. C. Kar 


ABSTRACT 


Vibration of a string; effect of letting it strike a sharp edge near one end, 
as in the case of the Indian plucked instrument tanpura, is to increase the 
relative intensity of the octave and other even harmonics while the rest 
diminish quickly almost to nothing, giving a peculiar sweet note. The 
mathematical theory is developed. The phenomenon apparently violates the 
Young-Helmholtz law since it may be observed even when the string is plucked 
in the middle; but the effect of the sharp edge is to build up the even harmonics 
even if they are very weak in the original vibration. 


INTRODUCTION 


TRINGED instruments may broadly be divided into three classes 
having three different modes of excitation, e.g., (@) bowed, (0) 
struck, and (c) plucked. Dr. Raman has shown! that the musical 
instrument ‘‘tanpura”’ belonging to class (c) gives out a peculiarly 
sweet note when plucked at a point. He has suggested that this is due 
to some kind of periodic impact between the bridge and the string. 





Fig. 1 


This instrument, largely used in India, has no frets and is intended to be 
used as a drone accompanying vocal music. It has four metal “strings” 
which are stretched over a large resonant body and can be accurately 
tuned up to the right pitch by a simple device of continuous adjustment 
of tension. The special form of the bridge fixed to the resonant body 
over which the strings pass is indicated diagrammatically in Fig. 1. 

In the present paper it is proposed to give the mathematical theory 
of the above phenomenon and some observations confirming the theory. 


1 Raman, Proceedings of the Indian Association, Vol. 7, 1921. 
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OBSERVATIONS 


It has been observed by the writer that if any hard substance, e.g., 
a finger nail, is brought near a stretched string at one of its ends, from 
above or below so as to touch it slightly in its zero position and the string 
is plucked at any point, it gives out a note exactly similar to that of the 
“tanpura.”” The nearer the nail is to the end, the finer is the adjustment 
required to produce the note. Thus it is possible by the above method 
to produce the same peculiar note in all stringed instruments. Now the 
effect of bringing the nail to the above position is to give periodic impact 
to the vibrating string at its zero position. Now the string passes twice 
in one period through its zero position. Therefore the impact occurs 
twice in every period. Thus the function of the bridge in the above 
instrument is to impart intermittent impulses to the string of a period 
equal to that of the octave. 

The important characteristic of the note considered above is that soon 
after the note is produced the octave jumps into prominence while the 
intensity of the fundamental diminishes almost to nothing. The in- 
tensities of the other even and odd harmonics seem to increase and 
decrease respectively with time. The author hopes to give an account 
of his experimental work on the behavior of the higher harmonics on some 
other occasion. If, however, the impacts are not sufficiently strong, it 
takes some time before the rearrangement of the intensities of the different 
harmonics takes place. 


MATHEMATICAL THEORY 


Thus the theory of the tanpura reduces to the case of vibration of a 
string under intermittent impulses with the periodicity of the octave. 
The solution of this problem will now be obtained by a very simple 
method discussed by the present writer in a recent paper.! 

The equation of motion of a string in normal coérdinates taking into 
account the damping ® is 


ds + 2b.¢s + qs” ds = * ®,. 
p 


The solution of the equation when ®, = 0 is 


‘ja ob! ao pst 


8 8 


a | 3 
+ (¢s)o0 (cos pt + > sin pt) ' 


If @, acts at ¢ = ?’ for an infinitely small interval of time d?’, ¢, at time 


1K. C. Kar, Phys. Zeit. 24, 63, 1923. 
2 Rayleigh, Theory of Sound, 2d Ed., Vol. I., p. 187. 
3 Ibid., p. 74. 
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tis given by 





o = me - &,dt'e~™'—" sin p(t — 1’) 
— 2 , Ms oyt—t) _ 7! 
at p e sin p,(t — ?’), 


where u, is the velocity imparted to the string by the force 9,. 

Now if the force ®, instead of acting continuously acts only intermit- 
tently, 7.e., at f = 0, r, «++ mr, the value of ¢, at time (m + e)r, where 
eis < I, is given by 


Us 


2 
ds ~— Ds 


_— sin p,(m + e)r + e~"—1* sin p(n — 1 + e)r 
+ +++ +e” sin per| 
_ 2us_ _»7r| —dnr : : , 
sal ty e sin p(n + e)r +--+ + sin pT} 
where er = 7. 
In the case we are specially interested in here, the period of the impulse 


is that of the octave, so p2r = 27. Therefore p,r = zs. 
Thus we have when 1 is great 


2u : , 
o, = ——e~ sin pT [1 Fe” + 6 e844 we] 
l Ds 
aa, oo : ' 
= — —s; sin p.T according as s is odd or even. 
lptaee” 


If the impulse acts at x = Xo, u, = usin (srxo/l). Therefore the 
equation of the string under intermittent impulse becomes after a 
certain time 


2. SMX 2 . SHX_ eT sin p,T 
y = >; sin——s : — 
L Ip, l Ite” 


- 


It appears from the above equation that the amplitudes of the different 
harmonics depend on the factor (1/1 + e~””), and that when the 3,'s 
are small it becomes nearly 34 for the first, third, fifth, etc., harmonics 
but « for the second, fourth, etc., harmonics. Thus the effect of the 
periodic impact is to increase the intensity of the even harmonics and 
to decrease the intensity of the rest. If, however, the 0},’s are very 
small, we are not justified in neglecting the natural vibration. So in 
that case it will be possible to hear the odd harmonics for some time. 

Young-Helmholtz’s law.—If a string is plucked exactly at its mid- 
point, the octave is, according to the above law, entirely absent from the 
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resultant tone. But in the ‘“‘tanpura’”’ it isnot generally possible to stop 


the octave even by plucking in the middle of the string. Now it follows 
from the theory discussed above that only those harmonics which were 
completely absent initially drop out from the final equation. Their 
slight presence in the initial state of vibration makes them appear in full 
strength as required by the above equation. Thus the theory discussed 
above gives a satisfactory explanation of the apparent violation of 
Young-Helmholtz’s law observed by Dr. Raman. 
SCOTTISH CHURCHES COLLEGE, 
CatcuTTA, INDIA, 
26th Nov., 1922 

















A DEPARTURE FROM FRESNEL'’S LAWS OF REFLECTION 699 


NOTE ON A DEPARTURE FROM FRESNEL’S LAWS OF 
REFLECTION 


By Natint Kanta Sur 


ABSTRACT 


Reflection of light from the common surface of two media having the same 
refractive index for certain wave-lengths was studied, the media employed 
being, first, freshly split rock-salt or clean glass against a suitable mixture of 
carbon disulphide and benzene, and, second, glycerine against turpentine. 
The reflected light did not vanish completely at the point in the spectrum 
where the refractive indices were equal but possessed a definite intensity 
that was practically constant at different angles of incidence. This reflection 
can hardly be due to contamination of the surface but must be due to a genuine 
change of refractive index in the surface layer. 


~~ OME very interesting phenomena have been described by Rayleigh ! 

% in his experiments on reflection from the surface of a glass plate 
immersed in a liquid medium of which the refractive index has been 
equalized with that of the plate for any particular color. A mixture of 
benzene and carbon disulphide is taken in a cubical glass vessel with 
plate glass sides, and the glass plate after being carefully cleansed 
first with hot chromic acid and then with very dilute hydrofluoric 
acid is supported in the liquid. White light from a slit illuminated 
by a powerful source is allowed to fall on the glass plate and after 
reflection reaches the slit of a direct-vision spectroscope. When the 
angle of incidence is moderate (about 45° to 60°), the reflected light 
analyzed by the spectroscope shows a more or less diffused dark band in 
the green, for which the refractive indices of the plate and the mixture 
of liquids have been equalized. There is total reflection for indigo and 
violet, z.e., farther from the dark band towards the shorter wave-length 
side, and the reflection gradually increases from yellow towards the red. 
Very careful cleansing of the plate is necessary to observe the phenomena, 
otherwise surface films mar the appearance greatly. 

As the angle of incidence becomes very oblique, the region of total 
reflection approaches the dark band, which appears darker than before 
and also becomes well defined. On the other side the reflection increases 
gradually as before and becomes strong in the yellow and red. On the 
side of the longer wave-lengths the reflection is never total. The dark 
band is never completely dark and the increased darkness of the band 
at oblique angles of ‘incidence is due to contrast only. 

That surface film is partly responsible for reflection of the color of 
equalized index is shown easily. Some doubt may be entertained about 


1 Rayleigh, Scientific papers 6, p. 95. 











Sn ee, SE ee ee Sa 


Se 


= Ss. 


ees Tres 


SSIs. 


x 





700 NALINI KANTA SUR 


the entire removal of grease, etc., from the surface of the plate. To avoid 
cleansing and so remove this doubt, the different parts of the arrangement 
other than the plate are adjusted in position and then a small plate of 
rock salt is split along its natural surface of cleavage. By trial a plate 
with a plane reflecting surface may be obtained and it should be imme- 
diately immersed in the mixture of carbon disulphide and benzene with 
the same refractive index as the rock-salt plate for some particular color. 
The same phenomena are observed as before, but the dark band appears 
more prominently at all angles of incidence, showing that surface films 
are to some extent but not wholly responsible for reflection of the color 
of equal index. 

If two different liquids of nearly equal refractive indices but not 
miscible with each other, such as glycerine and turpentine are put in the 
glass vessel and light from a horizontal slit is reflected from the clean 
common surface, a dark band is observed in the region for which the 
indices are exactly equal; and quite similar phenomena are observed in 
the spectroscope, the changes being continuous from moderate angles 
to very oblique angles of incidence as described before. 

Some careful visual observations showed that with the indices equalized 
for green, the intensities of yellow or orange colors after reflection from 
the glass or the rock-salt plate, were greater for angles in the neighborhood 
of grazing incidence than when the angles of incidence were decreased. 

Similar observations were made for blue. In this case the intensity of 
the reflected blue image increased as the angles of incidence decreased. 
This is easily explained by the fact that at moderate angles of incidence 
blue was totally reflected, but at grazing angles of incidence the region 
of total reflection was confined to the green. 

The dark band was never completely dark and no perceptible change 
of intensity could be detected at different angles of incidence though the 
band always appeared comparatively dark at grazing incidence when 
other colors on either side were allowed to enter the spectroscope. This 
suggests that there is no real change of intensity in the dark region and 
that the apparent change in intensity is due to contrast only. 

That surface contamination alone cannot account for the phenomenon 
is shown by the amount of light reflected in the dark band and also by 
the experiments made with two liquids of the same refractive index and 
not miscible with each other. This genuine change of refractive index is 
in all probability due to capillary phenomena. at the surface. 

The experiments were carried out in the laboratory of the Indian 
Association for the Cultivation of Science, Calcutta, and the author 
begs to record his thanks to Dr. C. V. Raman for his interest in the work. 


EWING CHRISTIAN COLLEGE, 
ALLAHABAD, December 10, 1922 
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PROCEEDINGS 


OF THE 


AMERICAN PHYSICAL SOCIETY. 


MINUTES OF THE WASHINGTON MEETING, APRIL 20 AND 21, 1923 


THE 120th regular meeting of the American Physical Society was held 
at the Bureau of Standards, Washington, D. C., on Friday and Saturday, 
April 20 and 21, 1923. There were morning and afternoon sessions on 
both days with an attendance of about three hundred. The presiding 
officer was Professor Charles E. Mendenhall, President of the Society. 

On Friday evening a joint informal dinner of the American Physical 
Society and the Association of Scientific Apparatus Makers was held 
at the Ebbitt Hotel, which was attended by about a hundred and fifty 
persons. 

A special meeting of the Council was held at 1 P.M. on Saturday at 
the Bureau of Standards, attended by thirteen members. At this 
meeting it was voted to recommend to the Society an amendment to 
the By-Laws to increase the dues. 

A special business meeting of the American Physical Society was held 
on Saturday afternoon at 2 P.M. The Treasurer, Professor G. B. 
Pegram, reported on the financial relations of the Society with Science 
Abstracts. The cost of publication having increased since the present 
arrangement went into effect, it would be necessary to increase the sub- 
scription paid per member from two dollars to three dollars if the Society 
were to assume its proportionate share of the cost of publishing this 
journal. The subscriptions from the American Physical Society form a 
large part of the total subscription list and it was the recommendation 
of the Council that we should assume our full share of the cost of pub- 
lishing Science Abstracts A. To cover the increased cost of Science 
Abstracts and to provide additional funds for the Physical Review, 
the Council recommended that Article I, Section I, of the By-Laws be 
amended to read: 

The annual dues of fellows shall be twelve dollars and of members nine 
dollars, payable on the first of January. Upon motion this amendment 
was adopted by the Society without negative votes. 

President Mendenhall stated that an appeal would be made to the 
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individual members to contribute to a fund to make up the deficit in 
the cost of publishing Science Abstracts for the year 1923, and that the 
Council committee on Science Abstracts would be continued to make 
further arrangements as to Science Abstracts, including the matter of 
representation of the American Physical Society on the management 
of Science Abstracts and the whole subject of the codperation of scien- 
tific societies in the publication of scientific abstracts in English. 

The regular meeting of the Council was held on Saturday evening 
at the Cosmos Club. ‘The following elections were made: to fellowship: 
Thornton C. Fry; to membership: F. L. Abbott, Antonius de Graaff, A. L. 
M. Dingee, Parke B. Fraim, W. R. Pyle, Alexander D. Ross, William 
H. Sanders, Humphreys O. Siegmund, Vernon E. Whitman, H. L. Wills, 
Enos E. Witmer. 

The regular scientific session consisted of seventy-two papers. Ab- 
stracts of these papers are given in the following pages. Papers Nos. 6, 
10, 24, 25, 35, 46, 47, 56, and 65 were read by title. 

HAROLD W. WEBB, 
Secretary 


ABSTRACTS OF PAPERS 


1. Mechanical wave-motion models having properties similar to electric wave-filters. 
Tuomas B. Brown, George Washington University.—Simple chains of springs and mass 
particles may be constructed which not only are interesting in themselves as wave- 
motion models, but also serve to illustrate mechanically many of the physical principles 
of the Campbell electric wave-filters, having equations of identical mathematical form. 
The principles of construction are in general the usual ones for mechanical analogs of 
alternating current phenomena. The special case of a familiar wave-motion model (a 
chain of identical pendulums linked by identical springs) is first considered in detail, 
and this is followed by briefer discussions of a sufficient number of other special cases 
to illustrate the general methods of constructing such models. The mathematical 
treatment employed is more elementary than that usually used in the electrical cases, 
although quite as rigorous. A series of curves show, not only the critical frequencies 
and attenuation, but also the variation of velocity with frequency; and it is pointed 
out that models of this kind also illustrate in a general way the phenomena of dispersion 
of light, the equations for suitably modified systems leading to Sellmeier’s dispersion 
formule. 

2. The flow of liquids through capillaries. N. ErNest Dorsey, Washington, D. C. 
—From a study of Poiseuille’s observations, in which approximately cvlindrical capil- 
laries of circular bore and square-cut ends connect two large reservoirs of liquid, it is 
found that, contrary to the commonly accepted belief: (1) For rates of discharge cor- 
responding to values of Reynold’s number R (= pvd/u), less than 10, the viscosity as 
computed by Poiseuille’s simple law, using the overall pressure difference, is strictly 
independent of the rate of discharge. (2) For 10 < R < 800, the apparent viscosity, 
computed as above, exceeds the true viscosity in the ratio of 1 + k(R — 10)r/l, to one 
where /, is the effective length pertaining to rates of discharge below R = 10, and k 
is a purely instrumental constant. Values found for k differ among themselves, but 
average close to 1/16. (3) Hence, the intercept upon the pt axis, of the prolongation 
of the pt vs. 1/t graph in the region where Pt varies, is less than the value of pt correspond- 
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ing to very low rates of discharge; the ratio of the two values is an instrumental con- 
stant. (4) If the intercept value of p? is used for an absolute determination of viscosity, 
an effective tube length that is less than that appropriate to very low velocities must 
be used. (5) For very short tubes it appears that the locus of (ue — u)/u vs. R becomes 
concave towards the axis of R when R exceeds a certain value, indicating that then the 
terminal turbulence has not had time to die out during the passage of the liquid through 
the tube. 

3. Coefficient of slip and momentum transfer in air, hydrogen, and helium. 
E. BLANKENSTEIN,' University of Chicago.—The coefficients of slip in air, hydrogen, 
and helium have been determined by the constant deflection method, using liquid air 
and a constant flow of the gas to avoid impurities. Values have been obtained for a 
highly polished silver oxide surface which agree within the limits of the experimental 
error with Maxwell’s equation when the fraction of the molecules that leave a moving 
surface with the equilibrium velocity is assumed equal to unity. The interpretation 
in terms of molecular reflection has been checked by observing the direct momentum 
transfer as a function of the pressure at very low pressures. The results agree with the 
simple kinetic theory for very long free paths, when “‘specular”’ reflection of molecules 
is assumed to be absent. 

4. Internal friction theory of shaft whirling. A. L. Kimpa.t, Jr., General Electric 
Research Laboratory.—It is shown on theoretical grounds that an internal friction 
action, due to progressive bending in a rotating shaft, may cause the shaft to whirl 
at any speed above the resonant or first critical speed. The equations of motion of 
the shaft are derived for an ideal case taking account of internal friction, and solutions 
are obtained giving the motion of the shaft in the final state. No assumption is made 
as to the cause of internal friction. It may be due to a molecular friction producing 
a damping action in the shaft itself, or to a friction at its surface due to a working of 
the shaft in rings or other parts of the rotor which may be shrunk on to the shaft. Sub- 
stantiation of the theory was obtained from experiments with a model shaft so built 
up as to have a large capacity for internal friction. This theory is a contribution to 
an investigation on shaft whipping and whirling being carried on by Dr. B. L. Newkirk, 
of the General Electric Research Laboratory. 

5. Physics of lubrication. I. The carrying power of an oil film. Mayo D. HeEr- 
sEY, U. S. Bureau of Mines.—Experiments at the Massachusetts Institute of Tech- 
nology made some time ago, are here reported in detail with curves showing the gradual 
decrease of film thickness under increasing loads and the increaseof carrying power (maxi- 
mum load for a given film thickness) with speed. Film thickness is specified by rela- 
tive electrical resistance, this being a maximum when journal and bearing are concen- 
tric, and zero when they are in metallic contact. The theory of carrying power is 
then worked out by dimensional reasoning, showing that if we assume a constant pres- 
sure coefficient of viscosity, the carrying power at constant temperature should go up 
more rapidly than the speed, approaching infinity as the speed approaches a certain 
critical value. Beyond this critical speed, any further increase of load would thicken 
the film. 

6. A low voltage, low wattage mercury lamp. E. L. HARRINGTON, University of 
Saskatchewan.—The article describes a mercury lamp of great intrinsic brilliancy, pro- 
viding a small capillary-tube-like source well suited for spectroscopic, laboratory, and 
demonstration uses. In form it resembles somewhat an ordinary spectrum tube with- 
out the lower enlargement. It is filled somewhat above the capillary portion and ex- 
hausted. The lamp requires a D. C. voltage of 25 or more, and operates in series with 
a control resistance on from .5 to .8 ampere. The lamp is staited by breaking the 
thread of mercury at the lower end of the short capillary portion by the application of 
a bunsen burner at that point. It is constructed of pyrex glass. 


1 Introduced by A. J. Dempster. 
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7. A fallacy in the use of the wheatstone bridge. F. WENNER and Nyna L. For- 
MAN, Bureau of Standards.—During recent years there has gradually come into more 
or less general use, especially with alternating test currents, a practice of connecting one 
of the detector (galvanometer or telephone) terminals of the bridge to earth or to a con- 
ducting shield. This often materially improves the definiteness or precision with 
which the bridge may be balanced and for this reason it has been considered to be an 
advantage. It is now shown how such an arrangement may introduce errors equal 
to or even greater than those which would result from the indefiniteness of the balance 
which otherwise might exist, and further that other effective arrangements for improv- 
ing the precision of the balance are to a large extent free from this fault. 

8. A high temperature high vacuum furnace and its applications. H.C. RENTSCHLER 
and J. W. MARDEN, Westinghouse Lamp Company Research Laboratory, Bloomfield, 
N. J.—The furnace is of the high frequency induction type, with the coil and material 
to be heated placed close together in the vacuum container. The method of operation 
and the advantages of this arrangement are discussed in detail. With this furnace many 
rare metals such as uranium, thorium, zirconium and titanium have been produced in 
solid coherent form. X-ray tubes have been constructed with uranium and thorium tar- 
gets produced in this furnace. A discussion is given of the use of the furnace for getting 
spectra of high melting metals, particularly in the deep Schumann region, for studying 
high temperature, high vacuum, chemical reactions, and for melting point determina- 
tions of such metals as react readily with gases. Other uses suggested are in the direct 
measurement of ionizing potentials of vapors of high melting metals and in the study 
of the isotopes of such metals. 

9. The thermal conductivity of liquids under pressure. P. W. BripGMan, Harvard 
University.—The thermal conductivity of some fifteen liquids has been measured up 
to a pressure of 12,000 kg/cm? at 30° and 75°. Most of these liquids are the same as 
those whose compressibility and thermal expansion have been previously measured 
over the same range (P. W. Bridgman, Proc. Amer. Acad. 49, 1-114, 1913). The be- 
havior of the thermal conductivity of all these liquids is roughly the same in character, 
increasing by a factor of two or three up to the maximum pressure. The temperature 
coefficient of conductivity, which is negative for all the liquids measured, decreases 
markedly at high pressures. The relation between conductivity and pressure departs 
greatly from linearity, the increase becoming less rapid at high pressures. Approxi- 
mately, the increase of thermal conductivity runs parallel with the increase in velocity 
of sound. — 

10. Convection of heat by liquids. Roy A. NELSON, University of Illinois.—Con- 
vection currents in a liquid are traced by the shadows produced when a beam of light 
is passed through the liquid parallel to the axis of an electrically heated wire. Photo- 
graphs of stream lines have been taken with heat losses as low as one calorie per centi- 
meter per second. Liquids having different densities and viscosities have been used. 
For liquids of small viscosity, the photographs show that the heated column of the 
liquid above the wire is comparatively narrow, and motions may be studied as if in one 
dimension. For liquids of greater viscosity, the motion is more complex and stream 
lines can be seen at considerable distances from the side of the wire. The size of the 
image of the wire is changed when the wire is heated. This may be caused by a station- 
ary layer of conducting liquid surrounding the wire. The rate of loss of heat from a 
wire can be expressed by the equation h = a@". Determinations of n for water, alcohol 
and carbon-tetrachloride give values of 1.15, 1.11 and 1.12, respectively. The value 
of a varies with the liquid. This work and calculations made from measurements of 
A. H. Davis (Phil. Mag. Nov. 1922) indicate that m for all liquids is approximately 1.15. 

11. An intercomparison of the high temperature scales in use in this country with 
those in use in England. W.E.ForsyTHE, Nela Research Laboratories.—Several years 
ago the high temperature scales in use in several laboratories in this country were inter- 
compared by measurements on several tungsten filaments sent out from this labora- 
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tory. The results obtained, as presented before this Society in 1917 (Phys. Rev., 11, 
p. 139, 1918), showed a very good agreement. Since that time the intercomparison 
has been extended to include the National Physical Laboratory of London through the 
courtesy of Sir J. E. Peteval. Dr. Stratton of the Bureau of Standards also kindly 
agreed to have measurements made on the same lamps. The tests on two lamps covered 
a temperature range from 1400 to 2750° K. The difference among the three laboratories 
was found to be only a few degrees at any point, varying from about an average of 2° 
from 1400 to 1800° K toabout 5° at 2750° K. It is gratifying to note that the high 
temperature scales in use in England and in the United States are in such excellent 
agreement. 

12. On temperature changes due to the expansion of gases at high pressure. 
H. E. Rewvey,! McGill University.—If a cubic foot of oxygen at 150 atmospheres pres- 
sure is allowed to expand rapidly into the atmosphere, the cylinder which contained 
it is cooled. This is Gay-Lussac’s experiment. If thermocouples are affixed along the 
outside of the steel cylinder, it is found that the fall of temperature is greater near the 
bottom than near the top. Ifa cylinder at 150 atmospheres pressure is connected with 
a similar cylinder at one atmosphere pressure, and the oxygen allowed to pass rapidly 
from one to the other, the first cylinder is cooled and the second cylinder is heated. 
This is similar to Joule’s experiment. By placing thermocouples outside both cylinders 
it was found that the fall of temperature of the first cylinder was about fifty per cent 
larger than the rise of temperature of the cylinder in which the gas was compressed. 
Similar experiments were made with hydrogen; but in this case the heating was slightly 
in excess of the cooling. These two experiments demonstrate the famous Joule-Thom- 
son effects. If a cone provided with thermocouples is placed at the orifice of a high 
pressure cylinder, it is found that the thermocouple near the orifice is cooled more than 
that at the larger open end of the cone. 

13. Physical properties of molybdenum, tantalum, nickel, and platinum at incan- 
descent temperatures. A. G. WorRTHING, Nela Research Laboratories.—Wires of the 
metals studied were rolled into ribbons, drilled with small holes at convenient intervals, 
wound on mandrils to form long closed tubes, and mounted on appropriate leads in 
ordinary lamp bulbs. With the tubes heated to incandescence, brightness measure- 
ments of the characteristic surface radiations and of the black body radiations from the 
holes were made with a disappearing filament pyrometer. These data served for the 
determination of the true temperature scales. The properties studied include spectral 
emissivity, total emissivity, resistivity, thermal expansion, and melting point. Spectral 
emissivity values have been extended to room temperatures by means of reflectivity 
measurements. 

14. The drop electrode in molten salt electrolyte. Paut B. Taytor, Bureau of 
Standards.—The drop electrode of Paschen has been studied in molten salt electrolyte. 
The cell Hg (still) | NaNO;, KNO;, LiNOs, ternary eutectic|Hg (fine stream) has an 
e.m.f. of .66 + .02 volt, still electrode positive. There is no temperature coefficient 
between 138 and 220° C. The cell Hg (still)| NaNO;, KNOs;, LiNOs, ternary eutectic 
amalgam Hg .85, Bi .15 (fine stream) has an e.m.f. of .735 + .002 volt, still electrode 
positive. There is no temperature coefficient between 158 and 172° C. The cell Hg 
(still) | NaNO;, KNO;, LiNOs, ternary eutectic|amalgam Hg .85, Bi .15 (still) has be- 
tween 162° and 238° an e.m.f. which may be repesented by E = .oo1110T + .004 volt 
where T is the absolute temperature. The mercury electrode is positive. The results 
show that the e.m.f. of the dropping electrode is independent of the metal of the elec- 
trode. Thus while the difference in e.m.f. between pure mercury and the bismuth 
amalgam was .483 volt at 162° C, the difference between them as streams was only 
.07 volt. Higher velocities of flow might have reduced this difference still further. 

15. The auditory masking of one pure tone by another and its relation to dynamics 
of the inner ear. R. L. WecGet and C. E. Lang, A. T. and T. and Western Electric 
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Research Laboratories.—Data are given on the masking of one pure tone by another 
as the intensity and frequency of each are varied. For tones introduced into the same 
ear, except when the frequencies are so close as to produce beats, the masking is great- 
est for tones nearly alike. When the masking tone is loud it masks tones of higher 
frequency better than those of frequency lower than itself. When the masking tone 
is weak there is little difference. Little masking occurs for tones introduced into oppo- 
site ears unless the masking tone is loud enough to be conducted through the head and 
produce direct stimulation of the opposite ear. The response of the ear appears to 
be a power series function of the sound pressure. The data, together with Knudsen’s 
data on frequency sensibility, are interpreted in terms of the dynamical theory of the 
cochlea which ascribes its frequency selectivity to an attenuation of vibrations along 
its length and a shunting through narrow regions of the basilar membrane at points 
depending on the frequency. Conjectured curves are given for a few single frequencies, 
of the amplitude of vibration of this membrane as a function of the distance along it. 

16. Velocity of sound by a phase indicating device. P.I. Wo_Lpand E. B. STEPHEN- 
son, Union College.—Sound from a single source of known frequency is passed through 
a divided path of two tubes, one fixed and one variable, to microphones, one at the 
end of each tube. The output of these microphones is amplified and impressed on the 
two pairs of plates of a Braun tube. On varying the length of one tube the Lissajous 
figure passes through its various phases and permits an accurate determination of the 
wave-length, and thus the velocity, of the sound. The method has been used to measure 
the velocity of sound in tubes as a function of the diameter and the frequency. 

17. An extension of acoustic wave filter theory. G. W. Stewart, University of 
Icwa.—It was anticipated that if acoustic filters were used at frequencies whose wave- 
lengths were comparable to the length of the acoustic conduit of one section, thus vio- 
lating one of the assumptions of the original theory, the computations concerning attenu- 
ation would be incorrect and that, indeed, transmission would occur at frequencies where 
the simple theory would specify high attenuation. This is found to be the case with the 
low-frequency-pass and single band filters previously described. In both cases a series 
of bands are transmitted at higher frequencies. It is now found that if the conduit 
at these higher frequencies is assumed to possess both inertance and capacitance in 
series and if the values of these are obtained by assuming them the same as at resonant 
frequencies and if corresponding changes are made in the original theory, the number 
and frequency limits of these additional bands are determined with a satisfactory degree 
of approximation. Moreover, if the formule specify a very narrow band, experiment 
shows that it is practically nonexistent. Thus by correct design the cut-off region 
of a filter can be made very much more extensive than would at first seem possible. 

18. New vibrations within a conical horn. Victor A. Hoerscu, University of Iowa. 
—The solution for simple harmonic vibrations within an infinite rigid cone was obtained 
in terms of Bessel and Legendre functions. The solution is dependent on two param- 
eters, one the frequency, which may be arbitrary, and the other a parameter capable 
of having an infinite set of discrete values. This solution was applied to a finite horn 
in an approximate way by assuming that the velocity potential is zero over the opening 
of the horn. In this case, for each value of the second parameter, the frequency is 
capable of having only an infinite set of discrete values. For the second parameter 
zero, the frequencies obtained are those of the classical theory in which the vibrations 
of the medium are everywhere radial with respect to the vertex of the horn. Othe: 
values of the second parameter represent vibrations of a new type in which the vibra- 
tions of the medium have in general a transverse as well as a radial component. 

19. What is the physical criterion which determines the pitch of a musical tone? 
H. FLetcuer, A. T. and T. and Western Electric Research Laboratories.—It has been 
generally understood that the pitch of a compound tone is determined by the frequency 
of the fundamental. Experimental tests with electric wave filters connected into a 
high quality telephone circuit have shown that this is not necessarily true. The pitch 
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of vowels which are sung by a bass, a baritone, or a contralto is not changed when 
the fundamental and first few overtones are eliminated. The quality is modified but 
the pitch remains unchanged. The same is true of musical instruments of low pitch 
which are rich in harmonics. These results indicate that pitch is determined bv the 
difference in frequency between the tones in the series of harmonics, especially in the 
louder ones, rather than by the frequency of the fundamental tone. In explanation 
it is suggested that since the transmission mechanism of the inner ear is non-linear 
in its response to an external force, subjective harmonic, summation, and difference 
tones are produced when the ear is stimulated by a compound tone; consequently, if 
the fundamental or first few haimonics of a musical tone, which is rich in harmonics, 
are eliminated from the external source, they are again introduced by the inner ear 
with sufficient magnitude to maintain the pitch at the same position on the musical scale. 

20. Permalloy, an alloy of remarkable magnetic properties. H.D. ARNoLD and G. 
W. Evm_en, A. T. and T. and Western Electric Research Laboratories.—It is found that 
a wide range of nickel-iron alloys containing more than 30 per cent nickel are, when 
suitably heat-treated, more easily magnetizable in weak fields (less than 1 gauss) than 
any previously known material. The peak value of the initial permeability (permeabil- 
ity extrapolated to zero field) occurs near 78.5 per cent nickel and may be as high as 
13,000 or more than 30 times that of the best soft iron. The name “‘permalloy”’ is 
chosen for these highly magnetic alloys. Methods of preparing and conditioning perm- 
alloy are outlined, and a representative chemical analysis is given. Measurements 
of permeability were made in a special permeameter suitable for highly permeable and 
sensitive materials. Permalloy is also characterized by very low hysteresis losses. 
The effects of mechanical stress upon permeability and upon electrical resistance, the 
effects of magnetization upon resistance and upon dimensions, and the joint effect of 
stress and magnetization upon resistance are all discussed qualitatively, the effects 
being large, easily produced and, within certain limits, completely reversible. The 
material is accordingly of great scientific interest. Its remarkable characteristics make 
permalloy of unique value in telephony and telegraphy, particularly in submarine cables. 

21. Magnetostriction in iron and permalloy. L. W. McKEEHAN and P. P. Ciorri, 
A. T. and T. and Western Electric Research Laboratories.—The method used was based 
on one devised by Pupin (J. R. Hobbie, Jr., Phys. Rev. 19, 456-466, 1922). A vertical 
wire or tape was magnetized simultaneously by an alternating field of constant amplitude 
AH, less than 0.01 gauss, and by a direct field H of any desired amount. The rapid 
changes in length of part of the sample produced torsional vibrations in a rochelle salt 
crystal, the alternating current output from which was amplified and measured, condi- 
tions of resonance being avoided. Calibration was effected by vibrating the crystal 
with a half-frequency alternating potential applied across an air-condenser. The sign 
of the magnetostriction was determined oscillographically. The most striking result was 
that the effect measured (differential magnetostriction) was zero when the direct field 
Ho annulled that due to the earth’s magnetism. Maxima in the effect occurred at 
Ho + Hm ; in pure annealed iron 2H,, was about one gauss; in a particular sample of 
permalloy, maxima nearly one hundred times as great were still closer together so that 
one maximum was actually attained in the uncompensated earth’s field. Beyond the 
maxima the curves fell away to zero as saturation was approached. The work reported 
forms part of a study of the relations between magnetostriction, permeability, and 
electrical resistance. 

22. Characteristics of iron in high frequency rotating magnetic fields. Lewi Tonks, 
Columbia University——A method for obtaining a uniform magnetic field rotating at a 
high frequency has been devised. Measurements on the susceptibility and hysteresis 
in a thin disk of iron were made in fields of 0.5 to 5 gauss at frequencies varying from 52 
to 168 kilocycles. Calculations were made allowing for incomplete penetration and the 
demagnetizing factor of the disk. When the intensity of magnetization was 350, the 
susceptibility of the iron decreased from 98 at 52 kilocycles to 74 at 168 kilocycles. 
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The angle of lag varies with frequency and shows a maximum between J = 450 and 
600. Hysteresis energy loss per cycle for constant intensity of magnetization increases 
and for constant field decreases with increasing frequency, and follows, roughly, the 
law E « J'* at all frequencies. 

23. Cathode ray oscillograph: time-distribution of potential in a Geissler tube. 
Davin A. Keys, McGill University.—The present paper contains an account of some 
experiments on the measurements of the time required for the potential in a Geissler 
tube to reach its equilibrium distribution after the potential difference is applied to 
the electrodes. The method consists in having a movable sounding electrode placed 
between the two electrodes of the discharge tube. The exploring electrode, which is 
initially at the same potential as the cathode, takes up the potential of the surrounding 
gas. The time-potential curve is determined with a cathode ray oscillograph (see Glaze- 
brook, Dictionary of Applied Physics, vol. 1, p. 76), the insulated plate of which is 
attached to the exploring electrode. The results confirm the work of Aston on the 
electric force in the dark space. The times of adjustment, in ten-thousandths of a 
second, varied from 1 to 80 in the case of air. It was found that the time varied in- 
versely as the distance from the cathode throughout the Crookes dark space, and re- 
mained constant throughout the negative glow. This problem was suggested by Sir 
Joseph Thomson. 

24. Determination of the mobility of the ions in the corona discharge. Wm. M. 
YounG,! University of Illinois—In order to test the theory of the corona pressure given 
by Jakob Kunz, the mobility of the ions in the corona discharge has been directly meas- 
ured by blowing a current of air through the corona and afterwards through two suc- 
cessive cylindrical ionization chambers. The ionization current in the second chamber 
shows a well-pronounced maximum as a function of the potential difference. The 
mobility of the ions of air was found in the first measurement to lie between 3.7 X 107° 
and 1.2 X 10~* cm per sec/volts per cm, agreeing well with the values deduced by Kunz 
from the pressure increase alone. 

25. The current voltage relation in the corona. C. S. FAzet and S. R. Parsons, 
University of Michigan.—The best theoretical relation between voltage and current in 
the corona has been obtained by Townsend, but his equation expresses the voltage as 
an implicit function of the current. The equation may be simplified by assuming that 
the ratio of the current to the product of the mobility and the starting gradient is very 
small, and the approximation thus introduced may be improved by allowing the point 
at which the initial gradient is maintained to move out as a linear function of the poten- 
tial. The resulting equation is of the form 7 = A(V — Vo)V/(Vi — V) where Vo is 
the starting voltage and V, is a voltage of the nature of the arcing voltage, although it 
is not expected that the above equation will hold up to the arcing voltage. 

26. The Hall effect and specific resistance of cathodically deposited films of gold. 
S. S. Mackeown, Cornell University.—The films used were seven centimeters square, 
and the thickness varied from 5 mu to 80 mu. The thickness was computed by weigh- 
ing the mass of gold deposited on very thin mica. The usual density was assumed. 
The transmission of monochromatic light was measured and Beer's law was found to 
hold. This gave a convenient way of determining the thickness of the films used in 
measuring the Hall effect and specific resistance. The Hall constant was found to be 
the same as for gold in bulk, independent of the current, magnetic field strength, and 
thickness. It was not affected by heat treatment or ageing of the films. The specific 
resistance increased rapidly with decrease in thickness, being about fifteen times the 
normal value in the case of the thinnest films. The resistance could be varied greatly 
by heat treatment and ageing. These results support the theory that the high specific 
resistance of sputtered films is due to poor electrical contact between particles. 

27. The electric capacity of cell suspensions. HuGco Fricke, Cleveland Clinic.— 
In its electrical aspect a cell suspension is equivalent to an ohmic resistance combined 
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in parallel with a certain capacity; the value of this capacity, when the volume of the 
suspension is I cc, is called the capacity of the suspension. Assuming that a single 
cell can be regarded as consisting of a well conducting interior surrounded by a membrane 
of low conductivity, a formula has been derived giving the capacity per cm? of cell 
membrane as a function of the capacity of the suspension, the number of cells per cc, 
and constants defining the single cell geometrically. This formula has been verified 
by measurements by a bridge method of the capacity of the red corpuscles of rabbits. 
This capacity per cm? of membrane is .80 uF, the value being independent of the fre- 
quency (between 20,000 and 100,000 cycles) and of the composition of the intercellular 
liquids. In accordance with the hypothesis that the effect of the polarization at the 
membranes is negligible, the thickness of the cell membrane can be calculated to be 
4.X 1077 cm, using 4 as the value of the dielectric constant. 

28. An experimental demonstration of the instability of a cylindrical liquid col- 
umn. R.A. CASTLEMAN, JR., Bureau of Standards.—As is well known from the work 
of Plateau and Rayleigh, a cylindrical liquid column becomes unstable, under the in- 
fluence of a vibration of frequency m, when its efflux velocity exceeds that given by 
V. = mnd, where d is the diameter after contraction. In these experiments, the jet 
was shot horizontally from an orifice 4 inch in diameter, in a thin brass plate. The 
head on the jet could be varied, or kept quite constant. The orifice chamber was in- 
fluenced by an electrically driven 250-cycle fork. The process of disintegration was 
examined by (a) stroboscopic means, and (b) spark photography. As long as the efflux 
velocity is greater than the v,, the process of disintegration is seen to be progressive. 
If, now, the head causing flow is decreased, a point is reached where the amplitude of 
the initial disturbance remains stationary, the disturbance itself, as seen stroboscopi- 
cally, becoming harmonic. The efflux velocity at this point is found to conform closely 
to computed », if the linear contraction coefficient is taken as 0.8. Instability, of course, 
sets in when the velocity is increased by gravity to v.. This phenomenon is readily 
shown stroboscopically, but on account of its erratic nature, photographic recording— 
by the spark, for instance—is difficult. However, some satisfactory spark pictures 
have been obtained. 

29. Resistance measurements on bodies in a high-speed air-stream. L. J. Briccs 
and G. F. HuLt, Bureau of Standards.—The air stream was obtained by allowing a 
continuous supply of compressed air from a powerful centrifugal compressor to expand 
through a cylindrical orifice 12 inches in diameter at the top of a vertical standpipe. 
The speed and temperature of the jet were computed from the speed, temperature, and 
pressure of the air in the standpipe, assuming an adiabatic expansion. Air-speeds up 
to the speed of sound have been employed in the resistance measurements, which have 
been conducted for the Ordnance Department, U.S.A., and include drag and cross- 
wind forces on models of projectiles and head-resistance measurements of bomb models, 
stream-line bodies, and spheres. For head-resistance measurements a piston type of 
balance was most satisfactory. The cylinder of the balance is supported from a stream- 
line bar, co-axial with the vertical air-stream. A spindle projecting downward from 
the piston is attached to the trailing end of the model. In measuring the force, the 
pressure in the cylinder is varied until the model is floating in the air-stream. Head 
resistance was computed from the weight of the moving system, diameter of the piston, 
and the differential pressure. A correction for the resistance of the spindle was made. 
Resistance measurements on bomb models have been made throughout the speed range 
of bombs during flight. The measurements were carried out at Lynn, Massachusetts, 
through the courtesy of the General Electric Company. 

30. A diffraction phenomenon observed in night photographs. ENos E. WITMER,' 
University of Pennsylvania.—It is frequently observed in night photographs that each 
light is the center of a figure consisting of an even number of luminous rays diverging 
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from it asacenter. These are diffraction figures due to the polygonal form of the aper- 
ture of the interlens diaphragm. Experiments made by the author during the winter 
of 1920-21 demonstrate that in the case of a camera focussed on a luminous point 
source the diffraction pattern of an aperture can be determined by the following rule: 
Find the geometrical shadow of the aperture on the conjugate focal plane, assuming 
the lens or lenses are not present. Through the image of the luminous point on the 
conjugate focal plane draw straight lines perpendicular to the boundary of the geometri- 
cal shadow. This set of lines determines the directions of the luminous rays diverging 
from the image of the luminous point. It is interesting to compare this rule with the 
conclusions of Becknell and Coulson (Phys. Rev. 20, pp. 594 and 607, 1922). 

31. The fine analysis of the Stark effect in Balmer’s series by Lo Surdo’s method. 
JouHN Stuart Foster, National Research Fellow, Yale University.—The essential 
feature of this investigation is a new form of Lo Surdo discharge tube, which is so con- 
structed as to avoid the usual harmful effects of cathode pitting. The plates were 
taken with a large glass prism spectrograph, the mountings of which are of metal through- 
out. The method excludes any doubt rega:ding ghosts, and enables one to estimate 
relative intensities of components in the presence of the secondary spectrum. In 
addition, the effect is recorded for a large range of fields on one plate, and the light 
intensity is such as to permit the observations to be extended to He. With increasing 
field strength no very marked changes in the relative intensities of components were 
noted. Among the p-components for Hy, however, the undisplaced line grows weaker 
with increasing field and finally disappears. The outside s-components for Hy are 
very weak in all fields up to the maximum value of 60 kv/cm and are about equal in 
intensity. Stark is doubtful regarding these latter components at 75 kv/cm, but 
records a great difference in the intensities. The new observations are in better agree- 
ment with Kramer’stheory. The second order effect is shown on one plate for Hy, Hs, 
and H,. Thirteen components for H, have already appeared and there is reason to 
believe that more can be found. The new data, which includes some observations on 
the effect in helium, will be published in detail soon. 

32. New series spectra in oxygen. J.J. Hoprie.p, University of California —Three 
new series spectra have been discovered in the cegion 1000-1300 A determining a new 
triplet term Opi; in oxygen. The frequency numbers of the components of this triplet 
term as calculated by the combination principle from the observed triplets are 109833.8, 
109673.4, and 109606.9 with an average deviation from the average of 1.2, 0.7 and 1.4 
respectively for the eleven observed lines. (The twelfth is probably lost in the ab- 
sorption band of oxygen.) Lines of these new series have been observed for the com- 
binations Opi2; — 18, Opis — 2S, Opiz — 1s and Ops; — 2D, Op, indicating the level 
of highest frequency number. This new triple energy level is probably the valence 
level for oxygen and hence a p level, since it corresponds to the two 22 orbits on the new 
Bohr theory. This gives for the first time a triple valency level, and it is also the first 
known valence level for the sixth column of the periodic table. The corresponding 
highest resonance and ionizing potentials are 9.11 and 13.56 volts respectively. The 
results seemingly indicate three slightly different ionizing and resonance potentials 
corresponding to different stable forms of the atom. A few other lines of oxygen are 
also found in this region. They are now being studied. 

33- Quantum defect and the new Bohr theory of atomic structure. F.S. BRACKETT 
and R. T. BirGe, University of California.—Relations between quantum defect and 
the number of orbital groups of electrons in the atom, as proposed by Bohr, are shown 
and these form the basis for the assignment of quantum numbers to the orbits, giving 
rise to the known series spectra. This assignment is in agreement with that proposed 
by Bohr for the singlet and doublet spectra, with the exception of the orbits of azimuthal 
quantum number three. In this case it is not found necessary to assume the existence 
of orbits of the same quantum number inside and outside the atom body. The assign- 
ment of levels associated with the triplet spectra leads to the conclusion that the oxy- 
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gen-sulphur-selenium group and the zinc-cadmium-mercury group are homologous to 
the alkaline earths in regard to quantum defect. For orbits of azimuthal quantum 
number one and two, the quantum defect is strictly proportional to the number of 
orbital groups of electrons in the atom body for ranges where groups consisting of four 
electrons are added to the atom body. The successive initial development of the 
quantum defect in the circular orbits 22, 33, 44, 55, and 6g, is made the basis for the esti- 
mation of the extent of the atom body. The denominators for the orbits of higher 
quantum number are obtained from the assignment of levels giving rise to lines in the 
infra-red for the heavier alkali metals. 

34. Isotopes: a new relation concerning atomic species of even and of odd atomic 
weight. WuLLIAmM D. Harkins, University of Chicago.—In general there are only one 
or two isotopes of elements of odd atomic numbers, and these have odd atomic weights. 
Above atomic number 28 the number of isotopes of elements of even atomic number is 
considerably larger, and commonly from five to about nine. As a general rule, and 
especially in the case of the more abundant atomic species, the atomic weights are even 
if the atomic number is even. However, there is a much smaller number of less abun- 
dant isotopes of even atomic number but odd atomic weight. The present relation 
concerns the existence of this last type. It is found that, at least up to atomic number 
36, such isotopes occur in an even numbered element only when in the adjacent elements 
of next higher and lower (odd) atomic number there are isotopes of the same isotopic 
number. Thus there is an evident connection between the atomic species of odd atomic 
weight, whether the atomic numbers are odd or even. In the region of atomic number 
50, isotopes of this type occur when in one adjacent (odd) element there is an isotope 
of the same isotopic number. Thus the atomic species of odd atomic weight form a 
different type of system from those of even atomic weight. 

35. Relativity, quantum theory, and the wave theories of light and gravitation. 
A. C. Lunn, University of Chicago.—This paper is a preliminary report on a theory 
originally sought in order to meet the recognized need for a reconciliation between 
wave theory and quantum phenomena; its scope of adaptation proves to be quite wide. 
It includes (1) a wave theory of gravitation in quantitative connection with optical, 
electronic, and radioactivity data; (2) a related general suggestion of a theory connect- 
ing molecular properties with properties of matter in bulk; (3) alternatives for some of 
the current features in the theories of atomic structure; (4) a new interpretation and 
deduction of formulas for series and band spectra, using in lieu of the quantum condi- 
tion a substitute directly related to long familiar physical notions; (5) a modification 
of Lagrangian dynamics which promises to be of service in the study of complex atomic 
and molecular structures; (6) a non-quantum theory of specific heat and black radiation. 
Results so far reached deal mostly with problems approachable by elementary methods 
or approximate computations. A set of formulas has been obtained which yield com- 
putation of the electron constants e, h, m, and mass-ratios, assuming from observation 
only the Rydberg constant, velocity of light, gravitation constant, and Faraday con- 
stant, with results in each case in practical agreement with measured values. 

36. The line and band spectra of fluorine. Hrnry G. Gar, University of Chicago. 
—The spectrum of fluorine, generated by the electrolysis of KHF2, has been examined 
in vacuum tubes provided with fluorite windows. The spectrum is very bright at 
pressures of about 3 mm of mercury, and could be photographed in the first order of 
a 21 ft concave grating. The stronger lines, produced formerly by a spark between 
gold electrodes in an atmosphere of fluorine at atmospheric pressure, have been re- 
measured, together with a number of fainter lines apparently due also to fluorine. Five 
strong bands with heads at approximately 5100, 5390, 5730, 6100, and 6520 A, and six 
fainter bands with heads at approximately 5580, 5720, 5850, 6480, 6930, and 6980 A, 
have been photographed and the stronger lines measured. All these bands are de- 
graded toward the red. These bands were found under a sufficient variety of conditions 
and with sufficiently elaborate experimental precaution so that it appears rather cer- 
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tain that the bands are due to fluorine and not to any compound. Attempts to secure 
the spectrum of HF yielded only the Balmer lines and the lines of the secondary spec- 
trum of hydrogen. Silicon tetrafluoride gives a band spectrum of eleven bands between 
4240 and 4600 A. These bands are degraded toward the red and appear to fall in three 
groups. 

37- The 3883 CN band in the solar spectrum. RAymMonpD T. BirGE, University of 
California.—A critical study of the 3883 band in the solar spectrum has yielded a list 
of 188 lines, apparently not blended, and suitable for wave-length measurements. 
This study has been made with spectrograms from the Mt. Wilson Observatory, and 
with numerous enlargements. The lines have been weighted from I to 16,—very low 
to very high weight. The relative wave-lengths of these lines, in the arc and in the 
sun, have been measured on a plate of 2.5 mm per Angstrom dispersion, and are found 
to be the same within limits of error. (Average deviation 0.0003 A for 5 very high 
weight doublet pairs, 0.0012 A for 18 high weight, 0.0019 A for 37 medium weight, 
etc.) This indicates that any solar shift, if present, is common to all the lines of this 
band. Also, previous data on stable iron and CN lines in the Rowland and Interna- 
tional system indicate in general a similar behavior in the solar spectrum. St. John's 
42 line pairs, as now weighted, vield + 0.0014 A shift by his method (a), and + 0.001 A 
by method (b). Grebe and Bachem’s 36 lines, similarly reweighted, yield + 0.0039 A 
shift. However, most of the seemingly best lines lie further to the violet than the 
region used by all previous investigators of the Einstein shift. 

38. Computed and observed infra-red resonance frequencies in diatomic solids. 
E. F. NicHots and E. Q. Apams, Nela Research Laboratories.—On the basis of the sim- 
plest assumptions, an attempt is made to compute the resonance frequency of the 
single infra-red absorption band occurring in diatomic solids. Assuming Hooke’s Law, 
resonance frequencies are computed, as follows: » = (1/27) V(E/I), E = 47e*/A(n?), 
I = mm:/é, in which m,, m2 are the masses of the two kinds of atoms, 6 the density, e the 
electron charge (e.s.u.), and A(m?) the total change in dielectric constant for the whole 
range of dispersion due to the resonance frequency in question, as it appears in the 
Ketteler-Helmholtz equation. The substances for which comparison is made are the 
fluorides of lithium and sodium; chlorides of sodium, potassium, and silver; bromides 
of potassium and silver; potassium iodide; and zinc sulfide (sphalerite). That the 
agreement of theory with observation is only approximate is probably due to the fact, 
that certain of the assumptions have been unwarrantably over-simplified. New ex- 
perimental material is communicated which includes measurements of the reflecting 
power for 6 mm electric waves, of rock salt and fluorite and of fused mases of sodium 
and lithium fluorides, potassium and silver bromides, potassium iodide and silver 
chloride. New residual wave groups are reported for lithium and sodium fluorides and 
for boron nitride. 

39. The structure of the absorption bands of certain organic gases and vapors in 
the near infra-red. CHARLES F. MEYER and DEeTLEv W. Bronk, University of Michi- 
gan.—A large number of organic compounds show a remarkable similarity in their 
spectra in the near infra-red, and particularly betweén 2 and 44. This was brought 
out by the work of W. W. Coblentz and others, who examined the substances with low 
dispersion. Modern theoretical developments have suggested that with higher dis- 
persion it might be possible to analyze these spectra so as to obtain quantitative re- 
lations which would throw some light on the molecular structure of the compounds. 
Many of the substances have prominent absorption bands in the regions 2.4, 3.3, and 
7-0u. Thus far the region of 3.3 u has been carefully ‘investigated for ethylene, ben- 
zene, ethyl alcohol and ethyl ether. The bands exhibit decided structure, each yield- 
ing several absorption maxima. Ethylene (C,H4) shows prominent maxima at 3.1970, 
3.2412, 3.3169, and 3.3722 u, of approximately the same intensity. The group some- 
what suggests a double doublet. Benzene (CsHs) shows three maxima at 3.2331, 
3.2784, and 3.37224. The central one at 3.2784 uw is by far the most pronounced. 
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Ethyl ether ((C2Hs]20) has two very decided absorption maxima at 3.3513 and 3.4802 u 
of about equal intensity, and a smaller maximum between the two at 3.3973 u. Ethyl 
alcohol (C2HsOH) has one decided maximum at 3.3571 uw, and several less intense maxi- 
ma; the most pronounced is at 3.45 4. Examination of the absorption curves indicates 
relationships in wave-length differences between the maxima for the compounds. 

40. The relative intensities of band components in the infra-red spectra of diatomic 
gases. E. C. Kems_e, Harvard University.—Calculations from the correspondence 
principle. A diatomic molecule rotating with a frequency w, and vibrating with a 
frequency wo would emit sensibly equal amounts of energy of frequencies (wo + wr) and 
(wo — w,) according to classical theory. It follows that the relative intensities of the 
lines in the absorption bands should be proportional to \* and to the numbers of molecules 
in the corresponding initial states. The equality of the intensities of the components 
adjacent to the central gap in the HCI band at 3.5 » shows that they come from the 
same initial state and that the initial rotational quantum number is not fractional. 
Intrinsic probabilities of stationary states. The equality of the intensities of the first 
and fifth components indicates that the intrinsic probability, or weight, is m + 4, where 
m is the rotational quantum number. This expression conflicts with the theory of the 
specific heat of hydrogen, but gives a partial explanation of the low specific heat of CO 
at 92°K. The existence of a band component corresponding to the jump from m = 1 
to m = 0 shows independently that the weight of the state m = 0 cannot be zero as 
in the hydrogen specific heat theory. 

41. The luminescence of incandescent titanium oxide. E.L.Nicno rs, Cornell Uni- 
versity.—In this oxide the free oxygen present determines the character of the light 
emitted, and between red heat and 1200° C striking changes in the color of incandescence 
(red to blue and vice versa) can be produced by a slight adjustment of the oxy-hydrogen 
flame used in heating. There are two distinct phases: (1) Phase R (oxygen meager) is 
distinguished by an outcropping of luminescence with a maximum at 950° C which 
affects the whole visible spectrum. At 950° the red (.65 u) was 11.5 times and the 
blue (.45 «) 9.8 times as bright as the corresponding regions in the spectrum of a black 
body. (2) Phase O (oxygen in excess) is a modified “blue glow.’ At 700° the bright- 
ness in the blue (.45 «) was found to be 150 times that of a black body, the green (.52 ») 
48 times, and the red (.65 u) 8 times. The effect differs from the normal blue glow in 
that the maximum of relative intensity lies within the incandescent range and the 
luminescence extends to the green and red of the spectrum. Above 1200° C all excess 
radiation disappears and the spectrum coincides with that of a black body both in dis- 
tribution and brightness. 

42. Phosphorescence caused by active nitrogen. E. P. Lewis, University of Cali- 
fornia.—In 1904 the writer first described the spectrum of the afterglow of active nitro- 
gen, in the Astrophysical Journal, and showed that mercury and other metallic vapors 
in the discharge tube participated in it. Recently he has found that some solid com- 
pounds phosphoresce in the presence of active nitrogen drawn from the discharge tube. 
The light is green and the spectrum continuous except in the case of the first two sub- 
stances named below, which show characteristic bands. Strong effect: Uranium nitrate, 
uranium-ammonium fluoride, ZnS, BaCl., SrCl, CaCl, CsCl. Weak: LiCl, NaCl, 
KCl, Nal, KI, NasCOs, SrBro. No effect: K,SO4, KNO;, KOH, HgBr, CaCO;, CaSO,, 
CaS, PbCh, Cdlz, MgNO3, ZnCl, MnCl, ThO, chalk, sugar, and sulphate of quinine. 
It is remarkable that light-sensitive CaS is not affected. None of the substances were 
chemically pure. Excepting the first three, the active substances are not excited by 
light, but are by cathode rays. With the same exceptions, the effect is produced only 
after partial drying, but not after complete calcination. The presence of free electrons 
in the active nitrogen, which may be responsible for its properties, is indicated by the 
fact that when it streams past an insulated electrode, positive electricity is discharged 
but not negative, showing much greater mobility for the positive ions. 

43. The velocities of emission of photo-electrons in the normal and selective photo- 
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electric effects. HERBERT E. Ives, A. T. and T. and Western Electric Research Labora- 
tories.—If a polished plate of platinum is placed at the center of an evacuated bulb 
whose walls are covered with metallic potassium, the plate becomes covered with a 
thin layer of potassium which preserves the surface configuration of its support, and 
which is highly photo-electric. Upon illuminating the plate by light polarized in and 
at right angles to the plane of polarization, it is possible to study to great advantage 
the characteristics of the normal and selective photo-electric effects. Voltage-current 
curves made on such a cell show that the stopping potential for the selective effect is 
larger by a fraction of a volt than for the normal effect. When the plate is slightly 
warmed, the whole cell being in liquid air, the voltage-current curves for illumination 
by light polarized in different planes become the same. This is in harmony with a 
previous observation that the selective effect is destroyed in a thin film of this character 
in the initial stages of evaporation of the film. 

44. Duration of light emission by hydrogen canal rays. A. J. DEMPsTER, Univer- 
sity of Chicago.—Canal rays were allowed to pass through a small hole in the cathode 
into a second chamber at a very much lower pressure. With certain discharge condi- 
tions the rays ceased to be luminous in 13 to 4 cm; with others a strong continuous 
bundle masked the dying-out phenomenon. By measuring the dependence of the 
intensity of the bundle on the pressure of the gas in the high vacuum chamber and simul- 
taneously observing the Doppler effect, it was found that the continuous bundle is not 
due to residual luminosity, but to a second type of long-lived sources carried in from the 
discharge tube, whose radiation process lasts longer than 6 X 107 seconds. A strong 
electric field was found to have no effect either on the long-lived or short-lived rays. 
The dependence of intensity on pressure shows that no rays are present that die out 
completely in a much shorter time than 107 seconds. The explanation proposed is 
that the short-lived particles are neutral hydrogen atoms, and that the continuous 
bundle is due to the dissociation of neutral molecules. The classical radiation theory 
and Bohr’s theory are discussed in connection with the above observations and with 
those of the Stark effect in a variable electric field. 

45. Intensity relations in the helium spectrum. A. Lit. HuGHEs and P. Lowe, 
Queen’s University.—The intensity distribution in the helium spectrum was investi- 
gated as a function of the energy of impact of the electron on the atom. Electrons 
were accelerated in a three-electrode tube from a filament through a nearby grid into 
a field-free space. Spectra of the light from this space were photographed for different 
accelerating voltages (34 to 210). Intensities were measured by a micro-photometer 
and also by the neutral gray wedge method. The energy distribution curve for any 
line was found to be characteristic of the se:ies to which it belongs. The singlet series 
(parhelium) are strongest at high voltages, while the doublet series (orthohelium) are 
strongest at low voltages. The 1S — mP curves rise very rapidly from 34 to about 
80 volts, beyond which there is little change. The 1P — mD curves show a definite 
maximum at about 60 volts. The 1P — mS curves are approximately constant after 
a small initial rise. The doublet series curves all drop rapidly from 34 volts onwards, 
the steepness being least for the 1m — mé series. The enhanced line \ 4686 appeared 
above 85 volts and was fairly strong at 210 volts, when some Pickering series lines were 
faintly visible. 

46. Some new photoelectrical and thermoelectrical properties of molybdenite. 
W. W. Cos_entz, Bureau of Standards.—Continuing the investigation of molybdenite, 
MoS; reported upon in previous communications (Bur. Stds. Tech. News. Bull. No. 61, 
May 11th, 1922; Jour. Wash. Acad. Sci. 12, p. 411, 1922), it is found that when there 
is a close coincidence of the loci of maximum thermoelectrical and photoelectrical sen- 
sitivity, the thermoelectrical reaction seems to function like a valve, which amplifies 
or weakens the photoelectrical reaction, depending upon the direction of the impressed 
battery current through the crystal. From previous experience, the photoelectric 
current should be found to be proportional to, but independent of, the direction of the 
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“‘dark”’ battery current through the crystal. In the present instance the photoelectric 
current is amplified or weakened, according as the external battery current flows with 
or against the thermoelectric current. As a result of this selective action, instead of 
obtaining the same photoelectrical reaction (the same galvanometer deflection, after 
correcting for any difference that may exist in the “dark” conductivity) on reversal of 
the battery current, there is an outstanding difference (1.5 to 2.5 times) between the 
maximum and the minimum photoelectrical effect. This is true of both positive and 
negative maxima of thermal e.m.f.’s. 

47. Photoelectric effect of cesium vapor and a new determination of Planck’s uni- 
versal constanth. JAkos Kunzand E. H. WILLIAms, University of Illinois.—The ioni- 
zation potential V, is related to the convergence frequency v, of the principal series 
in the spectrum of the vapor by the expression Ve = hv; where h is Planck's universal 
constant and e the charge of the electron. In view of the results in the x-ray region, 
we may expect an interchangeability in the effect of electron collision and radiation, 
i.e., we May expect a gas to be ionized whether it is struck by an electron moving with 
the critical velocity corresponding to V; or illuminated by radiation of the correspond- 
ing wave-length. To test this cesium vapor was illuminated by ultra-violet light. 
The result was that for light below a certain wave-length, about 318 m uy, ionization 
was produced, whereas above this value no effect could be detected. Substituting in 
the above equation the frequency corresponding to this wave-length and the known 
values of V; and e, we obtain for h the value 6.58.10”, while the accepted value is 
6.554-10 erg sec. 

48. The transfer of radiation momentum in quanta. Wi_LiAm DuANg, Harvard 
University.—According to the idea that radiation carries with it momentum as well as 
energy, whenever a ray changes its direction it changes its momentum also. If the 
law of the conservation of momentum applies to such changes, the transfer of momentum 
must take place between the radiation and matter. The fundamental assumption is 
now made that a transfer of momentum of this kind takes place in quanta, each of which 
is proportional to the action constant h. Dimensional reasoning suggests that a quan- 
tum equals a whole number multiplied by h and divided by a distance. The theory 
explains the normal reflection of x-rays by a crystal, including the reflection of rays 
characteristic of the chemical elements in the crystal (discovered by Dr. Clark and the 
author) according to the usual law. The paper includes applications of the theory to 
ordinary light in which equations are deduced for a number of problems of interfer- 
ence and diffraction. The distance to be used is the length characteristic of the ap- 
paratus in the direction considered. In general an equation derived from the principle 
of interference may be transformed into one representing the difference between two 
radiation momenta as equal to nh divided by a distance. 

49. Wave-length measurements of scattered x-rays. ARTHUR H. Compton, Wash- 
ington University.—X-rays from a tube with water-cooled, molybdenum target are 
scattered by graphite at different angles, and the spectrum of the scattered x-rays has 
been investigated. It is found that a single line in the primary beam is broken up into 
two or more lines in the scattered beam. If Ao is the wave-length of the primary beam, 
the shortest line in the scattered beam is Xo, and the longest is \o + 5A, where 6A = 
(1 — cos @)h/mc, h, m and c having their usual significance. Thus 5A = .0242(1 — cos@) in 
Angstréms. When the x-rays are scattered by the graphite at 135°, there may be a 
third line between these two extremes. 

The quantum theory, proposed by the writer to account for the change in wave- 
length of x-rays due to scattering, suggests that the longest line is scattered by very 
loosely bound electrons which are free to recoil from the momentum of the scattered 
x-ray quantum, while the line of unchanged wave-length is scattered by electrons held 
too firmly to recoil in this manner. Any intermediate lines on this view are due to 
electrons which recoil only after losing an appreciable amount of energy. It may 
thus be possible to distinguish the scattering by the different groups of electrons within 
the atom. 
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50. Precision measurements of the crystal structures of Al,O;, Fe.O; and Cr.O;. 
WHEELER P. Davey, General Electric Research Laboratory.—These crystals all have 
rhombohedral lattices. Using the methods of x-ray crystal analysis previously described 
the following results were obtained: 


Crystal Sc" mae «68S [wes 
A ee 4.745 A 2.726 4.001 3.99 
Pccvsccakeanedak 5.035 A 2.726 5.243 5.19-5.30 
erro 4.932 A 2.754 5.256 5.215 


In all three crystals there are three molecules per unit prism. This gives the structure 
of diamond, except that the cube is stretched along its body-diagonal. The high axial 
ratio can be explained by assuming a hexahedral molecule consisting of an equilateral 
triangle of oxygen with a metal atom immediately above and below the center of the 
triangle. Such a structure was early predicted by Bragg. These oxides are therefore 
“valence compounds,”’ and should not be decomposed by an electric field while in the 
molten state. The small residual fields would account for the stability of these oxides 
at high temperatures. . 

51. The crystal structure of aluminum carbide, determined without the use of x-rays. 
M. L. HuGoins, Harvard University.—The general tendencies operative in crystal 
formation have been determined from a study of the positions of valence electrons in 
crystals whose atomic arrangements are known. A knowledge of these tendencies, 
of the empirical formula, the number of valence electrons in each case, usually the 
crystal symmetry, and sometimes other crystallographic data, is sufficient to determine 
the most probable structures of many crystals. These can often be checked up by 
means of comparisons of interatomic distances or by the data on crystal symmetry, 
axial ratios, cleavage, twinning, rotation of polarized light, the crystal faces observed, 
etc., so that the structures are as definitely determined as if deduced from x-ray measure- 
ments. The structure of AlsC;, determined in this way, with no other information 
than that the substance forms yellow, rhombohedral crystals of density 2.36, which 
are stable in a vacuum up to 1400", is one in which each Al atom is surrounded by 3 C 
atoms and each C by four Al atoms, all at tetrahedron corners. The average Al-C 
distance is about 2.02 A. It is predicted that c/a will be found to be about 1.225, and 
that the (0001) faces will be found to be polar. 

52. The effect of x-rays on halite and sylvite. P.L. BAy Ley, Cornell University.— 
Many chemical compounds are visibly colored by x-rays. Halite turns a dark brownish 
yellow and becomes colorless after several days of exposure to bright daylight. Sylvite 
turns a deep purple which fades entirely after a few minutes of exposure to daylight. 
The author has examined the rate of fading and the absorption of these materials as 
functions of the wave-length. Halite has a very broad absorption band at the edge 
of the violet which extends far into the ultra-violet and the visible green. Sylvite has 
a broad absorption band in the yellow aad green. As both substances fade, the peaks 
of their absorption curves do not change position. The fading of sylvite follows the 
same absorption-time curve regardless of the intensity of the color produced by exposures 
to x-rays for different lengths of time. These curves show roughly that the amount 
of the fading is proportional to the depth of the color. Halite fades most rapidly when 
exposed to the bluish green part of the spectrum and sylvite most rapidly when exposed 
to the orange. Because of the difference in the colors produced in this way, a short 
exposure to x-rays makes possible the easy separation of the two materials as they occur 
naturally in the Stassfurt mines in masses of crystals of both kinds. 

53. An experiment with mercury vapor. M. Scott, Cornell University.—The strik- 
ing potential of an arc in mercury vapor has been shown to depend upon the electron 
density (Yao, Phys. Rev. 21, p. I, 1923) and the vapor density (Scott, Phys. Rev. 21, 
p. 204, 1923). K.T. Compton and Y. T. Yao (Compton, Phys. Rev. 20, p. 296, 1922) 
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have recently drawn the conclusion that the striking potential depends upon the dis- 
tance from the liquid surface to the ionization chamber. The explanation offered is 
that the mercury atom changes from one metastable state to another during its travel 
away from the liquid surface. In a series of experiments, the writer has investigated 
this, and finds that the striking potential does depend upon the distance of the ioniza- 
tion chamber from the liquid surface so long as condensation of the vapor is allowed 
in any part of the system but that this dependence disappears when condensation is 
stopped. The effect is due, then, not to a change in state of the atom but to a change 
in vapor pressure, a result previously reported by the writer. 

54. On terminal speeds and mobilities of electrons in gases. K. T. Compron, 
Princeton University.—When electrons move in a gas under the influence of an electric 
field, they acquire kinetic energy from the field and from the thermal energy of the 
molecules, and lose energy as the result of momentum imparted to molecules at impacts. 
They tend to acquire a steady average terminal speed. A study is made of the magni- 
tude of this speed under varjous conditions, of the rate at which this speed is acquired 
and of the total number of collisions made while advancing a given distance. This 
terminal speed, when substituted into a well-known expression for mobility, gives an 
equation which differs nowhere by more than 12 per cent from that derived by Loeb 
by the more approximate method suggested by Townsend (Loeb, Phys. Rev. 19, p. 24, 
1922). The more important results are: f = 2(m/M)(1 — Q/U); Us = Q/2 + (0°/4 
+ P ME?*/4.536m)*; u = 0.815/e/[meQ + 2me(o?/4 + W?)4]4, where f is the average 
fraction of energy lost at a collision, m and M are the masses of electron and 
molecule, eU and eQ are their average kinetic energies, eU; is the terminal energy of 
electrons in field E, / is their mean free path and eW is the energy which they would 
acquire from the field if the molecules were at rest. 

55. Ionization potentials of He, Hg, H:, N2, O., NH;, HO. C.A.Mackay,! Prince- 
ton University.—The ionization potentials of these gases were investigated by a method, 
originally suggested by Hughes (Hughes and Dixon, Phys. Rev. 10, p. 496, 1917), by 
which effects due to radiation may be almost entirely suppressed. Photoelectrons 
were used to produce ionization, since a hot filament would dissociate some of the 
gases investigated. Corrections due to initial velocities and contact potential differ- 
ences were made by comparing each gas with one whose critical potential is known, 
as follows: The ionization potential of mercury was taken as the standard, its value 
being 10.4 volts. Helium and mercury vapor were mixed, and discontinuities in the 
current-voltage curve found at the ionization potentials of both gases, so that the true 
value for helium was determined by comparison with that for mercury. Then helium 
was mixed with each of the other gases and their ionization potentials determined with 
reference to it. The following values were obtained for He, H2, Nz, O2, NHs and H,O 
respectively: 24.5, 15.8, 16.3, 12.6, 11.1, and 13.2 volts. No additional ionization po- 
tentials were detected in the range up to 50 volts, but such critical potentials would 
have been masked by the effect of the lower potentials, unless strong. It is noted that 
the value for helium agrees with Lyman’s spectroscopic series limit, but that the value for 
oxygen is much lower than that given by Foote and Mohler. 

56. The radiotron as a source of negative electric resistance. OTTO STUHLMAN and 
D. A. WELLS, University of North Carolina.—In place of a tube specially designed for 
the purpose as used by Hull (I. R. E. 6, 1918), a radiotron of the 201 U. V. type may be 
used to produce similar results. The filament is heated in the usual way. A constant 
difference of potential with the positive terminal connected to the plate is maintained 
between the grid and plate. In series with these is placed the variable positive resistance. 
A variable source of electromotive force, with its negative terminal connected to the 
negative terminal of the filament, is inserted between it and the negative terminal of 
the plate battery. Under these circumstances the current flowing through the positive 
resistance depends on the velocity of impact of the primary thermions on the grid and 


1 Introduced by K. T. Compton. 
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on the number of secondary electrons leaving the grid and moving towards the plate. 
The net current flowing through the resistance is then the difference between the num- 
ber of primary electrons that strike and enter the grid and the number of secondary 
electrons which leave it. When the number of secondary electrons becomes larger 
than the number of primary, all the characteristic voltage-current relations shown by 
Hull in his paper are obtained. 

57. Stages in the excitation of the thallium spectrum. F. L. MouLerR and A. E. 
Rvuark, Bureau of Standards.—Photographs of the spectra of thallium excited by low 
voltage thermionic discharge, and electrical measurements of ionization, inelastic impact 
and radiation give results consistent with the configuration assigned by Bohr to the three 
valence electrons. The normal orbit of the outermost electron is 22 with an energy 
of 6.1 volts. The transition 2p2 to 2p; gives an inelastic collision without radiation at 
1.0 volt. At 3.3 and 4.5 volts we have true resonance potentials resulting in the emis- 
sion of the first lines of the sharp and diffuse series respectively. Another line spectrum 
appears near 12 volts. This is evidently a second arc spectrum resulting from the 
removal of one of the two more firmly bound valence electrons. 

58. Some experiments on the polarization capacity of electrolytes. IRVING WOLFF, 
Cornell University.— Variation of polarization capacity with frequency. Using an imped- 
ance bridge, with a three-stage vacuum tube amplifier in the detecting circuit, measure- 
ments were taken at frequencies from 200 to 6000 per second. A modification of this 
bridge with a heterodyne and vacuum tube as detector was used for frequencies from 
10,000 to 100,000 per second. The measurements taken on platinum and gold electrode 
cells in sulphuric acid show an increasing rate of change of capacity with higher frequency. 
The opposite effect is predicted by the theories. Effect of superposing two different 
frequency sine currents on a cell. Two vacuum tube oscillating circuits were set up and 
their outputs coupled simultaneously to the bridge. The cell was found to have a 
different measured capacity with each of the frequencies. Furthermore, the resistance 
and capacity, measured with either frequency, was found to be independent of whether 
the other was present, even when the latter had by far the greater intensity. This 
result is predicted by the concentration change theory, but could not be explained by 
the theory which considers the capacity caused by the condenser action of a thin gas 
film at the electrode. 

59. Demonstration of the variable character of the vowel 6. G. W. Stewart, Uni- 
versity of lowa.—Professor D. C. Miller’s analysis of the sustained vowel é as in meet 
indicates two important resonance regions surrounding the frequencies 308 and 3100. 
That the vowel did not have the same character throughout was evident from his curves. 
The purpose of the present demonstration is to exhibit to an audience this changing 
character and something as to its nature. Syllables containing the vowel are spoken 
through an acoustic filter cutting off above 3000 and then through one cutting off above 
2400. The vowel in eat cannot be recognized in either case, whereas the vowel in meet 
can be recognized in both cases, in the former better than in the latter. This recognition 
depends upon the frequencies existing when passing from the consonant to the sus- 
tained vowel. The frequency region below 3000 must be prominent in this transition 
state. The changing character may be explained by the enlargement of the orifice 
into the mouth cavity and the consequent raising in pitch of the resonance frequencies. 
The demonstration suggests analogous considerations in regard to all vowel sounds and 
calls attention to the importance of the nature of the preceding consonant in the recog- 
nition of vowel sounds. It points out the need for a complete investigation of vowel 
sounds. 

60. Physics of lubrication, II. Viscosity under pressure. Mayo D. Hersey, U. S. 
Bureau of Mines, and HENRY SHORE, Massachusetts Institute of Technology.—Viscosi- 
ties of five typical lubricating oils (two fixed oils and three mineral oils) are given up 
to 4000 kg/cm? and at temperatures from about 20° to 100° C, and are represented by 
empirical equations. Plasticity or apparent solidification occurs at various pressures 
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from 1200 kg/cm* upwards depending on the oil and its temperature. At moderate 
pressures and temperatures the effect of pressure is more pronounced on the mineral 
than on the fixed oils, but this order of sequence changes at higher pressures and tem- 
peratures. A rolling ball viscosimeter was used and calibrated by means of liquids 
of known viscosity and density. The work was begun at Harvard University and 
makes use of methods for high pressure measurement due to Prof. P. W. Bridgman. 

61. An x-ray examination of ZnO in vulcanized rubber. WHEELER P. Davey, Gen- 
eral Electric Research Laboratory.—The method was that previously described for the 
precision measurement of crystals (Phys. Rev. May, 1922). Preliminary experiments 
showed that gum rubber contained no crystalline substance. Two samples of vulcanized 
rubber containing ZnO were tested. In both cases a diffraction pattern was obtained 
which was identical to within 0.1 per cent with the pattern of ordinary ZnO. There 
was no evidence of crystalline sulphur or of ZnS. 

62. Note on Liouville’s theorem. W.F.G. Swann, University of Minnesota.—The 
density 7 of a group of points in a 2n-dimensional space varies with the time according 
to the law Dr/Dt + t>"(Op,, 0p, + Ogs/Oqgs) = O where the g's and p’s represert codér- 
dinates in the space. When g; and p, refer to corresponding coérdinates and momenta 
in a system obeying the Hamiltonian equations, the quantity in brackets vanishes, and 
Dr/Dt = 0. The energy of the waves in the perfectly reflecting box discussed in radia- 
tion theory may be written in the form E = 2 ps? 4a, +2b.q,"._ Nowa strict inter- 
pretation of the statistical theory pertaining to the radiation problem requires that 
there shall be many coérdinates of each kind, alike in the sense of their contributions 
to the energy being expressed as the same function of the coérdinates. By choosing 
new quantities P, and Q, defined by P; = p,/(4as)4, and Q, = qs(b,), we can secure a 
condition in which all terms contribute to E in the same form, but the quantities P, 
and Q, are no longer related by the Hamiltonian equations. It turns out, however, 
that the equations which they do satisfy lead to (@P,/8P, +00,/0Q,) = 0 so that they 
may be taken as codrdinates for the representation of the system in a 2n-dimensional 
space with the assurance that the relation Dr/Di = o will hold for them. 

‘63. Duration of the 4.9-volt resonance radiation in mercury vapor. HAro_p W. 
WEBB, Columbia University.—A modification of the method described at the February 
meeting for measuring the duration of radiation produced by electronic impact, was used. 
The results there given were the average value for a mixture of radiation. The ordinary 
four-electrode tube, consisting of a filament, first grid, second grid, and photoelectric 
plate, was filled with mercury vapor at 35° C. A.C. voltages, in phase, were applied 
to the two grids, that on the first grid having maximum and minimum values with respect 
to the filament of 4.4 and 5.2 volts respectively, so that only the 4.86 volt radiation 
(A = 2537), with some 4.68 volt radiation as shown by the D.C. characteristics, was 
present. The photoelectric currents with increasing frequencies were measured. These 
began to decrease at 200 cycles, and at 1500 cycles were practically equal to that found 
for continuous radiation. Assuming the radiation to decay exponentially, the exponen- 
tial constant was measured as 4000. The results point to a metastable state in the 
mercury vapor similar to that found by Kannenstine in helium. The effect on the 
result of the 4.68 volt radiation present has not been determined; a long-lived radiation 
might be expected from this type of excitation. 

64. The crystal structures of some tetragonal crystals. MM. L. HuGoins, Harvard 
University.—By methods previously outlined, the structures of a number of tetragonal 
crystals have been determined. In anatase (TiO2) the Ti atoms are as determined by 
means of x-rays by Vegard. Each Ti is surrounded by four equidistant O atoms and 
each O by two equidistant Ti atoms, all at tetrahedron corners. This is also true in 
rutile (TiO.). The structure obtained for this substance differs somewhat from those 
deduced by Vegard and Williams from x-ray data, although in full agreement with that 
data. Like rutile are SnOs, PbO», MnOx, MoOz, RuOz, ZrSiOy, ThSiO,, YPOs, and 
MgF;. ZrO2and SiO: (christobalite) probably also possess structures similar to anatase 
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or rutile. Mn;0, has one of two structures, in both of which each Mn is surrounded by 
four O atoms and each O by three Mn atoms, at tetrahedron corners. The available 
data are insufficient to decide between several structures for Mn.O;. In CaW0O, the 
arrangement of the Ca and W atoms has been determined by Dickinson. The oxy- 
gens are so situated that each is surrounded by two Ca and two W atoms, at tetra- 
hedron corners, each Ca or W being surrounded by eight Oatoms. PbMo(Q, is similar. 
Tetragonal Hg» may also have a similar structure, but it is more probably like anatase. 

65. The Hall effect in silicon-iron alloys. THomas C. MacKay, Carnegie Institute 
of Technology.—In work reported in the Physical Review of May, 1913, A. W. Smith 
found that a large increase in the Hall effect was produced by the addition of small 
amounts of silicon to iron. The writer has extended the range of these observations, 
using some very pure silicon-iron alloys obtained from the Research Laboratory of 
the Westinghouse Electric and Manufacturing Co. It was found that the increment 
in the Hall effect is approximately proportional to the percentage of silicon up to about 
5, the rate of increase being much larger than the corresponding rate of increase of 
electrical resistance with silicon content. 

66. The crossed-orbit model of normal helium, its ionization potential and the Lyman 
series. LupDWIK SILBERSTEIN, Eastman Kodak Company.—This paper proposes and 
discusses a formula, based on rigorously circular orbits and derived from the ring model. 
It gives for the ionization potential 24.35 volts, for an inclination of the orbit planes 
of 120 degrees. For other remarkably related inclinations the same formula gives 
Lyman’s four lines OS — mP and also Lyman’s line 600.5 or OS — 1S. 

67. The absorption of hydrogen in potassium vapor arcs. RocGers D. Rusk,! Uni- 
versity of Chicago.—It has been noted by Gehlhoff and others that hydrogen is rapidly 
absorbed in hot potassium vapor when subjected to a high tension electrical discharge. 
In the present experiment potassium was made the anode of a two-electrode tube, and 
ionization currents were obtained between a coated filament and the anode, through 
potassium vapor and hydrogen. Absorption was readily obtained with currents of a 
few milliamperes. In one instance, with a temperature of 190°C and with 80 volts 
across the arc and 5 milliamperes flowing, the pressure in a volume of 150 cc dropped 
from .03 mm to less than .0004 mm in four minutes. Arcs could be struck with as low 
as 6 volts, and it was found that the rate of absorption of hydrogen could be controlled 
by varying the voltage. At from 6 to 8 volts no absorption occurred in a bright green 
arc. At about 12 volts absorption appeared, and at 16 volts became quite marked. 
The arc was then a violet color, showing distinct hydrogen lines, and indicating that 
the absorption sets in at a potential corresponding to a particular type of ionization of 
the hydrogen. Acknowledgment is due Dr. A. J. Dempster for suggesting the problem 
and giving his aid in the work. 

68. The positive ions from hot platinum. Henry A, Erikson, University of Minne- 
sota.—The positive ions emitted by hot platinum have been analyzed by means of the 
method described in the Physical Review, 20, p. 118, August, 1922. It is found that 
when the mobility of the positive ion from hot platinum in air is measured immediately 
after formation it is the same as the mobility of the normal negative ion in air or as the 
normal initial positive ion formed in air by means of the alpha rays from polonium. 
During an interval of the order of 0.30 of a second, the initial positive ion changes over 
into the normal positive ion of mobility 1.36 cm/sec/volt/em. Since in the initial stage, 
and in the final stage as well, the mobilities are the same as for the positive ion produced 
in air by the alpha rays from polonium, the conclusion is that the ions are identical, the 
ions in both cases being produced in air. If the platinum is at a very high temperature 
and the ions are allowed to remain for a short time in the air which has left the platinum 
surface, they load up and form heavier positive ions. 

69. The mobility of negative ions in air. LEONARD B. Logs, National Research Fel- 
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lowship, University of Chicago.—In measuring the mobility of negative ions, using the 
Rutherford alternating current method, the ions are generated by two methods, (1) by 
ultra-violet light on one of the plates of the ion chamber; (2) in an auxiliary chamber 
by alpha particles or ultra-violet light, the ions being driven through the gauze forming 
one of the plates by a weak auxiliary field. The mobility measured by the first method 
is 2.1 cm/sec; by the second, with the auxiliary fields generally used, about 1.8 cm/sec. 
If this discrepancy were due to a change in the ion with time, on increasing the auxiliary 
field the mobility of the negative ion should change from 1.8 to 2.1, #.e., by a factor of 
1.195. Changing this field from about 1.1 to 39.5 volts/em changes the mobility by a 
factor of 1.275. The effect of the gauze is therefore not an aging effect, but is probably 
due to a change in the distance of the average ion from the gauze at the beginning of 
the negative phase of the auxiliary field. This is borne out by the recent work of Swann 
and Miss Zimmerschied on the penetration of electrical fields through gauzes (see 
abstract 71 below). The results obtained using the auxiliary chamber are therefore 
meaningless. The true value of the mobility is that obtained by the first method, 
Viz., 2.15 + .05 cm/sec. 

70. X-ray absorption coefficients of cobalt and nickel. F.K.Ricutmyerand F.W. 
WARBURTON, Cornell University.—The mass absorption coefficient of substances for 
x-rays has previously been shown to obey the law u/p = KX* + o@/p, where for each sub- 
stance K is a constant which from one element to another varies as the cube of the 
atomic number. The inversion of the order of atomic weights and atomic numbers in 
nickel and cobalt makes it of interest to determine K for these two substances. Pure 
nickel is easily obtained in sheet form. Pure cobalt was finally obtained (by Mr. C. J. 
Kayko at the General Electric Research Laboratory) by pressing cobalt oxide into a 
thin placque and reducing in a hydrogen furnace. Between .1 A and .3 A the mass 
absorption coefficients are given by the equations: 


For cobalt (N = 27): u/p = 1243 + .17 
For nickel (N = 28): u/p = 144Ad° + .20 


The constant K is therefore a function of atomic number, rather than of atomic weight 
as is to be expected from other x-ray phenomena. 

71. The passage of ions through a grid under the influence of an electric field. 
CHARLOTTE ZIMMERSCHIED,! University of Minnesota.—If two plates A and C are placed 
one on each side of, and parallel to,a plane piece of gauze B, the surface of A being 
a source of ionizing radiations (covered with polonium, for example), a difference of 
potential between A and B will cause ions to flow through the grid to C, even when C 
is at the same potential as B, or, as a matter of fact, at a potential slightly nearer to 
that of A than is the potential of B. A grid is frequently utilized in this way in measure- 
ments of ionic mobilities; as in the Frank and Hertz method. Since, in these measure- 
ments, it is assumed that the grid acts as though it were a source of ions, whose motion 
between the plates B and C is entirely determined by the potential difference between 
them, a careful consideration of the mechanism becomes desirable. Theory shows 
that the ratio of the number of ions which reach C to the number which reach B and C 
together should be just equal to the ratio of the number of tubes of force which pass 
from A to C to the number which start off from the polonium-covered surface of A. 
This relation has been experimentally verified for a variety of conditions as regards the 
fields between plates A and B, and B and C. 

72. Further results on the diurnal variation of the potential gradient of atmospheric 
electricity from observations aboard the Carnegie, and comparisons between land and 
ocean results. S.J. Maucuty, Department of Terrestrial Magnetism, Washington, 
D. C.—Results obtained by the author in 1921 (Phys. Rev. 18, pp. 161 and 477, 1921), 
from observations by various observers aboatd the Carnegie, indicated that the chief 
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component of the diurnal variation of the potential gradient consists of a ‘“‘wave”’ of 
24-hour period whose phase at any given instant is roughly constant over all oceans. 
Later observations aboard the Carnegie have increased the ocean data by about 30 
per cent and confirmed the foregoing conclusions. Harmonic analyses of all the data 
show only a small annual variation in the phase angle of the 24-hour wave. Harmonic 
analyses of the potential-gradient data from many widely distributed land stations 
indicate, with few exceptions, a sufficiently close agreement among themselves and 


with the ocean results to warrant the conclusion that the phase of the 24-hour wave of j 
the diurnal variation at a given instant may, as a first approximation, be looked upon 
as roughly constant over the whole earth when due account is taken of the extent to / 
which the results of harmonic analysis may reflect local meteorological, topographical, J 
and cultural conditions. The only local-time component of the diurnal variation indi- 
cated by analysis of the ocean data is a 6-hour wave which appears to be in general j 
agreement with a similar effect found by L. A. Bauer (Terr. Mag. 27, p. 28, 1922) in 
his analysis of the potential gradient at Tortosa. j 
CORRECTION 


Free and forced heat convection in gases and liquids. CHESTER W. 
Rice, General Electric Research Laboratory, p. 474, April, 1923. In- 
stead of W, = KA(k/v)vAtayg,, read: W, = KA(v/v)Rayg At. 
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ANALYTIC SUBJECT INDEX TO VOLUME 21 


References with (A) are merely to abstracts of papers presented at meetings of the Physical Society. 


Absorption screens, ultra-violet 
glasses and solutions, to 2300 A—21,107 
Acoustic power of sound sources, in absolute units 
organ pipes, violin, violincello, voice—21,475(A) 
Acoustic wave-filters 
attentuation and phase factors—21,201(A) 
single band, variable—21,211(A) 
theory; extension of—21,706(A) 
transmission curves, actual and theoretical—21, 
201(A) 
Aerodynamics (see Airplanes) 
resistance measurements in a high-speed air- 
stream—21,709(A) 
Airplanes 
stability, dynamic; effect of longitudinal moment 
of inertia—21,370(A) 
Alpha rays 
tracks in gases; study of 10,000 photos—21,375(A) 
American Physical Society (see Proceedings) 
Arc, electric 
theory 
thermionic emission, ionization, cathode and 
anode fall—-21,266, 382(A), 476(A) 
Arc, low-voltage 
mercury 
low-wattage type for laboratories—21,703(A) 
striking and breaking potentials, variation 
with conditions—21,1, 204(A), 716(A) 
potassium; absorption of hydrogen—21,720(A) 
Atmospheric electricity 
Ebert ion-counter; effect of potential gradient 
upon measurements—21,436; theory—21,449 
potential gradient; diurnal variation—21,722(A) 
Atomic structure 
evidence from crystal structures—21,379(A) 
helium, neutral; crossed orbit model—21,720(A) 
iron and nickel; speculations—-21,402 
magnesium—21,385(A) 
radii, from crystal structures—21,212(A),509 
from x-ray data; 19 elements—21,205(A) 
theory, Bohr; quantum defect and—21,710(A) 
application of general relativity theory to— 
21,391 


Audition 
dynamics of inner ear—21,705(A) 
masking of one pure tone by another—21,705(A) 
physical basis of apparent pitch of a tone—21, 
706(A) 
Audition sensibilities 
intensity sensibility as function of loudness and 
frequency—21,84 
pitch sensibility, as function of loudness and 
frequency—21,84 
Audition sensitivity 
determination by continuous change of pitch— 
21,480(A) 
scale, number, suggested—21,573 
variation with pitch to 4096—21,480(A), 573 


Ballistics, interior 
combustion of powder; theory and experiments— 
21,378(A) 
variation of pressure in a gun, continuous record— 
21,378(A) 


Canal rays 
light emission by H rays; duration—21,714(A) 
sputtering by rays of A, Cs, H, He, Hg and Ne; 
also theory—21,210(A) 
Capillaries 
flow through (see Liquids) 
Cathode rays (see Electrons) 
penetration into a target of Mo—21,301 
velocity change on passing through a metal foil— 
21,476(A) 
Cathodic sputtering (see Canal rays) 
Chronograph 
optical; falling weight carrying plate—21,199(A) 
Compressibility 
metals; at high pressures—21,374(A) 
vapor, saturated; formula—21,564 
Condensers (see Dielectric) 
Contact, electric, sliding 
mechanical effects—21,368(A) 
Contact electricity 
dielectrics 
collision with steel—21,479(A) 
wringing flat surfaces together—21,479(A) 
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Corona discharge 
current-voltage relation—21,708(A) 
ions; mobility—21,708(A) 
Crystallization 
speed of, for CaSe—21,213(A) 
Crystal structure, density, and dimensions 
alkali halides, all—21,143 
KI, KIs, CsI, CsI3, CsIBr.; position of atoms 
of each element separately determined— 
21,380(A) 
atomic radii from (see Atomic structure) 
carbides; Al—21,716(A) 
iron-nickel alloys; whole series—21,402, 380(A) 
manganese dioxide minerals—21,389(A) 
miscellaneous tetragonal; YPO., MgF2, CaWO,, 
PbMoO,—21,719(A) 
oxides; Mn, Mo, Pb, Ru, Si, Sn, Ti, Zr,—21, 
719(A); Ca—21,213(A); Mn—21,378(A); Al, 
Fe, Cr—21,716(A) 
palladium-hydrogen system—21,334 
quartz—21,206(A), 503 
selenium, metallic—21,378(A) 
selenides—21,211(A); Ba, Ca, Cu, Sr, Zn— 
21,213(A), 213(A), 380(A) 
silicates; ThSiO, 
spinels, nine—21,509 
sulfides—21,211(A); Ca—21,213(A) 
tellurium, metallic—21,378(A) 
tellurides—21,211(A) 


Density, crystal (see Crystal structure) 
Diathermacy (see Heat transmission) 
Dielectric constants 
gases 
air, COs, On, Ho, N.—21,197(A), 198(A) 
measurement—21,197(A), 198(A) 
liquids (see Power loss) 
Rochelle salt crystals; refersible inductivity—21, 
348 
Dielectric constants (see Power loss) 
Dielectrics, solid 
contact electricity (see) 
Rochelle salt condenser; mechanical vibrations in 
oscillating circuit—21,348 
Rochelle salt crystals 
reversible inductivity—21,348 
Diffraction (see Optical diffraction) 
Dilatometric investigations 
application in research—21,474(A) 
Discharge tube (see Arc, low-voltage, Canal rays, 
Cathode rays, X-rays, Vacuum tubes) 
luminosity; efficiency; 24 gases—21,210(A) 
Na vapor—21,209(A) 
potential distribution; time study with oscillo- 
graph—21,708(A) 


Dispersion (see Optical dispersion) 


Earth’s electric field (see Atmospheric electricity) 
Earth’s magnetic field 
analysis for 1922—21,370(A) 
line integrals—21,388(A) 
Ebert ion-counter (see Atmospheric electricity) 
Electrical conductivity and resistance 
carrier in metals; inertia—21,525 
effect of extreme fineness of crystal structure—21, 
22 
electron theory—21,131, 382(A) 
chemical equilibrium—21,383(A) 
filaments of Mo, Ta, Ni and Pt at high tempera- 
tures—21,705(A) 
films, evaporated, of Cu, Ag, Fe—21,22 196(A) 
sputtered, of Au—21,708(A) 
Hall effect ; theory—21,131, 382(A) 
evaporated films of Cu, Ag, Fe—21,22 196(A) 
sputtered films of Au—21,708(A) 
alloys; Si-Fe—21,720(A) 
in magnetic fields, to 16 k-gauss—21,197 (A) 
measurement 
at high temperatures—21,480(A) 
for low resistances; percentage bridge—21, 
368 (A) 
molybdenite—21,388(A) ; 21,540 
negative; radiotron as source of—21,717(A) 
Electric field 
of a moving charge; emission theory—21,465 
Electric waves 
filters; mechanical models—21,702(A) 
reflection by some fluorides and halides—2l1, 
712(A) 
short; to 1.8 mm—21,587 
improved oscillators and receivers—21,587 
optical constants, for water, glycerine, methyl] 
and ethyl alcohol—21,611 
Electrodynamic forces 
between two short cylindrical coils carrying cur- 
rents of radio frequency—21,196(A) 
Electrolytes (see Polarization, Electromotive force) 
Electrometer, capillary 
effects of direct and alternating voltages com- 
pared—21,38 
Electromotive force, contact (see Contact electricity) 
drop electrode in molten salt electrolyte—2l, 
705(A) 
metal plate and solution 
effect of intermittent direct current—21,369(A) 
initial change—21,479(A) 
Peltier 
solid tin—liquid tin junction—21,197 (A) 
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Electrons (see Cathode rays, Photo-electrons, Ther- 
mionic emission) 
charge; new determination; droplet method— 
21,550 
deflection, by electromagnetic radiation; theory— 
21,650 
emission, secondary 
for low speeds, Cu and Au—21,204(A) 
variation with temperature; Cu and CuO— 
21,122 
free, in metals; inertia—21,525 
ionization by high speed (see Ionization) 
mobilities 
in CO, as function of field and pressure—21,517 
in hydrogen—21,365 (correction) 
theoretical expression—21,717(A) 
radius, effective; from scattering results—21, 
477(A) 
scattering; by Pt and Mg—21,385(A) 
theory; positive nucleus of limited field—21,637 
Electroscope, Bumstead; theory—21,368(A) 
Electrostatic potential 
around long charged wire between two earthed 
concentric cylinders, theory—21,186 
Evaporation 
from W filaments—21,343 
Explosives, combustion (see Ballistics, interior) 


Filaments (see Electrical conductivity, Evaporation, 
Thermionic Emission, Thermal Expansion 
Films (see Electrical conductivity, Lubrication, 

Magnetic, Photo-electric and Thermo-electric 
properties) 

evaporated; structure of—21,22 

uniform, production by evaporation—21,22 
Friction 

electrification by (see Electricity, contact) 

internal (see Shaft, whirling) 
Functions 

with multiplicative periods—21,186 
Furnace 

high temperature, high vacuum—21,704(A) 


Gases and vapors 
compressibility of saturated vapor (see) 
convection (see Heat) 
expansion, sudden (see Joule-Thomson effect) 

fluctuations of energy etc. (see Statistical theory) 

heat, specific (see) 

ionization (see) 

resistance to motion of sphere (see Stoke’s law) 
in air (see Aerodynamics) 

slip coefficients (see Slip) 

viscosity coefficients (see Viscosity) 
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Gravitational attraction 
theory—21,711(A) 
variation with temperature of the larger mass 20° 
to 250° C—21,680 


Hall effect (see Electrical conductivity) 
Heat (see Thermal) 
convection 
gases and liquids, free and forced—21,474(A) 
liquids; variation with temperature—21,704(A) 
radiation 
measurement of; instrument for—21,103 
specific 
hydrogen; quantum theory—21,381(A) 
empirical formula—21,382(A), 653 
water vapor; empirical formula—21,382(A), 
653 
transmission (diathermacy) 
air, glass, mica, rock salt, water, ice; for total 
radiation from a tubular furnace, 200° to 
1200° C—21,103 


Interferometer, rectangular 
visibility of fringes—21,215(A) 
Ionization (see Ions) 
in arcs; theory (see Arc, electric) 
by electrons with velocities approaching that of 
light—21,384(A) 
by light, ultra-violet 
potassium vapor—21,107 
currents; measurement of—21,301 
potentials 
copper and copper oxide—21,122 
gases He, Hg, He, No, On, NHs, H,O—21,717(A) 
Ions 
in CO; formation of negative—21,517 
in corona discharge (see) 
mobility 
negative ions in air—21,384(A), 721(A) 
positive ions from hot Pt—21,720(A) 
theory, attachment—21,384(A) 
passage through a grid under the influence of an 
electric field—21,721(A) 
Isotopes 
calcium; positive ray analysis—21,209(A) 
mercury; partial separation; large capacity auto- 
matic apparatus—21,385(A), 386(A) 
potassium; positive ray analysis—21,209(A) 
relation, new, regarding—21,711(A) 
separation; ionic migration method—21,389(A) 


Joule-Thomson effect 
carbon dioxide; various pressures and tempera- 
tures—21,372(A) 

demonstration of temperature change—21,705(A) 
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Kinetic theory (see Statistical theory) 


Light emission (see Canal rays, Discharge tube, 
luminescence, Radiation, Spectra) 
Light sources (see Arc, Discharge tube) 
Liquids (see Heat, convection, Viscosity) 
flow through capillaries—21,702(A) 
jet; instability; demonstration—21,709(A) 
influence of surface tension—21,365 (corr.) 
settling of small particles—21,212(A) 
structure, crystalline; evidence for—21,378(A) 
Liouville’s theorem ; note—21,719(A) 
Lubrication 
oil films; carrying power—21,703(A) 
viscosity of 5 oils under high pressure, 20 to 
100° C—21,718(A) 
Luminescence and phosphorescence 
oxidation of organo-magnesium 
203(A) 
in presence of active nitrogen—21,713(A) 
titanium oxide, incandescent—21,713(A) 
Luminosity (see Discharge tube) 





halides—21, 


Magnetic field 
Earth’s (see) 
generalization of Biot-Savart law—21,360 
Magnetic properties 
ferro-magnetism; electron structure 
with; suggestion—21,509 
iron crystals; maximum magnetization—21,22 
iron films; maximum magnetization—21,22 
iron, in high frequency rotating fields—21,707(A) 
magnetostriction of iron and permalloy—21, 
707(A) 
permeability of paramagnetic substances for high 
frequencies; theory—21,371(A), 456 
permalloy; properties in weak fields—21,707 (A) 
rotatory dispersion in absorbing media—21,197 (A) 
susceptibility of O2, H., and He—21,474(A) 
Megaphone or conical horn 
optimum angle; explanation-—21,200(A) 
Meteorites 
temperature; theoretical computation—21,377 (A) 
Mirrors 
searchlight; 60-inch parabolic; tests—21,389(A) 
Mobilities (see Electrons, Ions) 
Models, mechanical (see Electric wave-filters) 
Molecular constants 
hydrogen—21,653 
methane—21,377 (A) 


associated 





Occlusion 
hydrogen by palladium; effect on crystal struc- 
ture, etc.—21,334 


733 


Optical absorption 
effect of pressure; solutions and solids—21,374(A) 
screens (see Absorption screens) 
Optical constants 
liquids, for very short electric waves; 
water, glycerine, methyl and ethyl alcohol—21, 
611 
mercury, 5770 to 3022A—21,376(A) 
molybdenite, for the visible—21,162 
stibnite, for the visible—-21,162 
tellurium crystals, isolated—21,206(A), 211(A) 
Optical diffraction 
caustics due to apertures—21,480(A) 
in photographs at night—21,709(A) 
Optical dispersion 
by electron gas in interstellar space—21,476(A) 
igotropic media, with complex anisotropic mole- 
cules; theory—21,377(A) 
rotatory, magnetic and natural, in absorbing 
media; discussion—21,197 (A) 
theory, quantum, modified—21,377 (A) 
Optical instruments (see Interferometer, mirror) 
Optical phenomena 
projection of polarization effects—21,199(A) 
theory, quantum, of reflection, interference and 
diffraction—21,715(A) 
Optical reflection 
electric waves, short (see) 
Fresnel’s laws; departure from—21,699 
galena and pyrite, for visible—21,162 
from interface between media with same refrac- 
tive indices—21,699 
Peltier effect (see Electromotive force, contact) 
Phosphorescence (see Luminescence) 
Photo-electric cells 
alkali, with hot tungsten filaments—21,210(A) 
capacity; effect of illumination—21,383(A) 
platinum-rhodamine B-Pt; effect of temperature 
on dark current—21,478(A) 
Photo-electric properties 
caesium vapor—21,715(A) 
films, very thin—21,389(A) 
molybdenite—21,540, 714(A) 
oxides, heated—21,213(A) 
phosphors, Lenard and Klatt CaBiNa—21,214(A) 
potassium; wave-length limit—21,107 
potassium vapor; photo-ionization by ultra-violet 
to 1850 A—21,107 
Photo-electrons 
velocities of emission, in normal and selective 
effects—21,714(A) 
Photography 
diffraction phenomena observed in night photo- 
graphs—21,709(A) 
quantum theory; sensitive spots—21,375(A) 
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Physico-chemical research 

dilatometric investigations; 
21,474(A) 

Pitch (see Audition) 

Plotting device, log and semi-log—21,473(A) 

Polarization (see Dielectrics) 
electrolytes; capacity as function of frequency— 

21,718(A) 
Potential, contact (see Electromotive force) 
measurement; photo-electric method—21,478(A) 
potassium; variation with temperature—21,478(A) 
selenium; effect of light—21,374(A) 
Potentials (see Ionization, Radiation) 
Power loss 
condensers with various liquid dielectrics—21, 
371(A) 

variation with frequency 
glass, mica, paraffin, etc.—21,53 
measurement; new bridge method—21,53 

Pressures 
in a gun; continuous record—21,378(A) 

Proceedings of American Physical Society 
Boston meeting, December 27-29, 1922—21,366 
Chicago meeting, December 1-2, 1922—21,194 
New York meeting, February 24, 1923—21,473 
Washington meeting, April 20-21, 1923—21,701 


importance— 


Quantum theory (see Photography, Radiation) 

atomic structure; quantum defect and the new 
Bohr theory—21,710(A) 

optical diffraction, interference and reflection; 
transfer of radiation momentum in quanta— 
21,715(A) 

optical dispersion; modified theory—21,377 (A) 

radiation; modified derivation of general formula 
—21,198(A), 481(A) 

specific heats, rotational and vibrational, of diato- 
mic gas—21,381(A), 653 

spectrum of helium—21,372(A) 

x-rays, scattering—21,207 (A), 477(A), 483, 715(A) 


Radiation 
deflection of electrons by; theory—21,650 
emissivity, spectral and total, from incandescent 
Mo, Ta, Ni, and Pt—21,705(A) 
emissivity, thermal, of water—21,368(A) 
potentials; atomic hydrogen—21,476(A); helium 
—21,202(A); iodine—21,382(A); thallium—21, 
718(A) 
resonance 
in mercury vapor; duration—21,479(A), 719(A) 
frequencies, diatomic solids—21,712(A) 
inelastic impacts; iodine—21,382(A); thallium 
—21,718(A) 
passage through a gas, between coaxial cylindri- 
cal electrodes—21,207 (A) 


theory 
moving isotropic radiator—21,484 
non-quantum—21,711(A) 
Planck’s law; modified derivation—21,198(A), 
481(A) 
Rare earths 
separation; methods—21,390(A) 
Reflection (see Electric waves, Optical reflection, 
X-rays) 
Relativity 
application to Rutherford-Bohr atom model— 
21,391 
Lorentz transformation; simple derivation—21, 
390(A) 
relation to theories of light and gravitation; 
discussion—21,711(A) 
Rochelle salt crystals 
dielectric inductivity, reversible—21,348 
Rotation, uniform; production; new device—21, 
369(A) 
Rubber, vulcanized 
x-ray examination for crystalline ZnO—21,719(A) 


Scattering (see Electrons, X-rays) 
Scattering of light 
by liquids and vapors 
benzene, to 283° C—21,564 
depolarization factor—21,373(A) 
by molecules, complex anisotropic; theory—21, 
378(A) 
by particles; theory, assuming Einstein’s law— 
21,387 (A) 
Shaft whirling 
internal friction theory—21,703(A) 
Slip coefficient, and coefficient of diffuse reflection 
of gas molecules from a surface 
air—21, 239, 250, 703(A) 
carbon dioxide—21,250, 550 
helium—21,550, 662, 703(A) 
oxygen—21,662 
various other gases and surfaces—21,217, 550 
Solubility 
theory (Hildebrand); statement and reply to 
criticism—21,46 
Sound (see Acoustic, Audition) 
absorption and transmission 
auditoriums; reverberations—21,201(A) 
plaster walls—21,480(A) 
sawdust concrete—21,199(A) 
analysis 
acoustic diaphragm—21,200(A) 
vowel ee; changing character—21,718(A) 
filters (see Acoustic wave-filters) 
sources (see Acoustic power) 
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Sound (cont.) 
sources 
megaphone as conical horn; optimum angle— 
21,200(A) ; theory—21,706(A) 
strings; theory of vibration when string strikes 
edge near bridge—21,695 
velocity 
in free air—21,377 (A) 
measurement, by phase indicating device—21, 








706(A) 
in sea water at 0.3° C—21,181; to 20° C—21, 
369(A) 
Spectroscope 
vacuum, for extreme ultra-violet—21,202(A) 
Spectra 


absorption screens (see) 
alkaline earth metals; explosion spectra—21,373(A) 
band, infra-red 
diatomic gases; theoretica! discussion and cal- 
culations—21,7 13(A) 
ditomic solids; computed and observed reson- 
ance frequencies—21,712(A) 
HCl; new lines—21,389(A) 
methane; resolution into lines—21,376(A) 
organic gases and vapors; ethylene, benzene, 
ethyl alcohol, ethyl ether—21,712(A) 
Einstein shift in solar lines—21,712(A) 
explosion spectra; alkaline earths—21,373(A) 
fluorine; lines and bands—21,711(A) 
helium 
intensity relations; variation with current—21, 
203(A) 
variation with energy of impact of electrons— 
21,714(A) 
low-pressure shift of energy toward violet—21, 
212(A) 
neutral; independent orbits theory—21,388(A) 
new principal series, in extreme ultra-violet-— 
21,202(A) 
theory, quantum, of arc spectrum—21,372(A) 
hydrogen 
band lines, additional—21,375(A) 
intensity distribution. in broadened Balmer 
lines—21,474(A) 
intensity relations; variation with energy of 
impact of electrons—21,202(A), 292 
Stark effect for Balmer lines—21,710(A) 
iodine; stages in excitation—21,382(A) 
manganese; pole-effect, pressure shift, in visible— 
21,215(A) 
oxygen; new series—21,710(A) 
pole-effect and pressure shift (see Mn) 
silicon; vacuum spark—21,203(A) 
solar; 3883 CN band; relative wave-lengths in arc 
and sun—21,712(A) 
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Stark effect (see hydrogen) 
thallium; stages in excitation—21 718(A) 
theory; non-quantum; new interpretation and 
deduction of formulas—21,711(A) 
Sputtering of cathode (see Canal rays) 
Stability (see Airplanes) 
Statistical theory 
energy distribution in a system of particles—21, 
198(A) 
spontaneous fluctuations of energy, pressure and 
density—21,672 
Stark effect 
hydrogen series lines—21,710(A) 
Steel wire 
fatigue of spring when kept twisted—21,250 
increase in stiffness due to constant tension—21, 
662 
Stethoscope telephone-transmitter, for faint sounds 
of low frequency—21,200(A) 
Stokes’ law 
complete law of motion of sphere through a gas; 
correction term—21,217; constants—21,373(A) 





Temperature scale, high 
intercomparison of American and English stand- 
ard scales—21,704(A) 
Thermal conductivity 
liquids under high pressure—21,704(A) 
Thermal emissivity (see Radiation) 
Thermal expansion 
of filaments at incandescent temperatures; Mo, 
Ta, Ni, Pt—21,705(A) 
Thermionic emission 
in arc, electric; theory (see) 
effect of adsorbed layer of caesium; experimental 
—21,380(A) ; theoretical—21,381(A) 
effect of space charge—21,266 
metal filaments in high vacuum; Mo, Ta, Th, W— 
21,207(A) 
oxide coated filaments; effect of luminous radia- 
tion—21,213(A) 
oxide coated platinum—21,208(A) 
positive ions from Pt; mobility—21,720(A) 
positive ions in alkali vapor tubes—21,385(A) 
variation with temperature; general equation— 
21,623 
vacuum electron tubes (see) 
Thermionic work-function 
computed; Ca, Ce, Mo, Ta, Th, W, Yt, Zr—21,623 
oxide-coated Pt—21,208(A) 
Mo and Ta—21,208(A) 
tungsten and thoriated tungsten—21,208(A) 
Thermionic tubes 
alkali metal vapor—21,385(A) 
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Thermo-electric 
effect of moving a flame along a wire—21,370(A) 
power 
tin; change at melting point—21,196(A) 
properties 


molybdenite—21,714(A) 
sputtered films; Au, Pt, Pd—21,386(A) 
Triode tubes (see Vacuum electron tubes) 
Tuning forks 
driven Piezo-electrically—21,371(A) 
overtones of large forks—21,692 


Vacuum electron tubes 
alkali vapor—21,209(A), 387(A) 
current and potential distribution for various 
cases; effect of space charge and cathode tem- 
perature—21,419 
oscillator at high frequencies; characteristics— 
21,208(A) 
resistance, negative, of radiotron—21,717(A) 
space charge; neutralization by positive ions at 
low pressures—21,408 
thoriated tungsten filaments; characteristics— 
21,211(A) 
use in power circuits; coupling and phase relations 
—21,386(A) 
Vapors (see Compressibility, Gases) 
Viscosity, coefficient 
gases 
air—21,239, 250 
argon—21,550 
carbon dioxide—21,250, 550 
helium—21,550, 662 
hydrogen—21,550 
methane, ethane,’ isobutane, nitrous oxide— 
21,550 
oils, lubricating, under pressure—21,718(A) 
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Webster, Arthur Gordon; brief tribute—21,585 
Wheatstone bridge; errors—21,704(A) 
Work-function (see Thermionic work-function) 


X-rays 
absorption of short rays by carbon and water-— 
21,478(A) 
absorption coefficients (see scattering) 
carbon, hydrogen, oxygen, .2 to 1.0 A—21,30 
liquids: benzene, heptane, toluene, water, 
xylene, cyclohexanol, mesitylene—21,30 
cobalt and Ni—21,721(A) 
characteristic wave-length 
L absorption; nine elements, 66 to 77—21,326 
L-doublet 
21,397; notation suggested—21,326 
21,716(A) 
intensity from Mo target; variation with voltage 
21,312 


reflection, abnormal, by KI crystals—21,379(A) 


separations; relativity formula— 





coloration, halite and sylvite 


relativity formula for L-doublet separations—21, 
397 
scattering 
absorption coefficient—21,483 
from crystals at small angles—21,206(A) 
diamond splints—21,477 (A) 
by liquids; benzene, mesitylene, octane—21, 
477(A) 
theory, quantum, 
477(A) 483, 715(A) 
wave-length change; 
484,715(A) 
X-ray tube 
current rectification; efficiency of kenetrons—21, 
21,477(A) 
penetrations of cathode rays into target 


corpuscular—21,207(A), 


K-rays from Mo—21, 





21,301 
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There are many uses for the 
Students’ Potentiometer 


The Students’ Potentiometer can be used in the 
physical laboratory for all measurements of potential 
excepting those requiring extreme precision. There are 
also uses in the physico-chemical laboratory, one of 
which—a set-up for the measurement of electrode 
potentials—s illustrated. 


The instrument can be used in the physico-chemical 
laboratory for measurements of electrolytic conduc- 
tivity. This is made possible by the construction of 
the instrument, which permits the use of the slide wire 
alone as a Kohlrausch slide wire in the Wheatstone 
bridge circuit. 


The Students’ Potentiometer aids in the thorough understand- 
ing of the principles governing its use by affording students the 
opportunity to make all connections in the circuits. It is a rugged 
instrument that will stand up even under careless handling, yet its 
precision of measurement compels the respect of the student for the 
method and apparatus used. 


The popularity of the Students’ Potentiometer has resulted in 
a demand for the instrument that has enabled us to introduce 
economies in the manufacture and so reduce the cost. The price 
of the Combined Students’ Potentiometer and Kohlrausch Slide 
Wire is now $80.00. 


The instrument is accompanied by our usual guarantee: 
Complete satisfaction to the user or returnable for full credit. 


Described in Bulletin P-765 


LEEDS & NORTHRUP COMPANY 
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CAMBRIDGE INSTRUMENTS 








DUDDELL THERMO-GALVANOMETER 


Although this instrument was first developed in 1889, it still remains one of the 
most sensitive instruments in existence for measuring small alternating currents. 
It has practically no self inductance or capacity, and can therefore be used on a 
circuit of any frequency, while currents as low as twenty microamperes may 
readily be measured. 


The instrument consists of a resistance which is warmed by the current to be 
measured, part of the heat thus generated energising the sensitive thermo-couple 
of a Boys’ Radiomicrometer. 


For information regarding instruments for measurement of A. C. High 
Frequency send for Descriptive List No. 162S. 
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Visheonel Motor Rotator 





No. 905. UNIVERSAL MOTOR ROTATOR. This rotator has been de- 
signed especially for school and laboratory use. The motor will run on either 
A. C. or D. C. of 110 volts. The speed may be varied from a few revolutions 
per minute to 1500 R.P.M. The speed changes are continuous—not in steps— 
and speed is changed by simply turning a thumb screw. The holder for the 
accessories is standard form and size and will hold all commonly used acces- 
sories. A chuck is included with the instrument for holding discs, etc. The 
position of the rotating shaft may be made horizontal, vertical or any inter- 
mediary position, and may be held firmly in any 
of the positions. The use of the friction disc 
eliminates all jerkiness of starting and running. 
The motor is especially adapted for this purpose 
and is very powerful and will pull any accessory 
at full speed. A stop is provided so that excessive 
speeds are not possible although sufficient speed is 
provided for to operate all rotator accessories. A 
speed counter is mounted so that the R. P. M. 
may be determined where quantitative work is 
required. The entire apparatus is about 30 cm. 
long, 15 cm. wide and 20 cm. high. Handsomely 
finished in black enamel and nickel plated trim- 
mings. Complete as described with 6 feet of cord 
and detachable plug for connection. 











QUALITY 


CA Sign of Quality ELC CA Mark of Service 


+ SERVICE 


W. M. Welch Scientific Company 


Scientific Department of W. M. Welch Manufacturing Company 


1516 Orleans Street fae dee por retary mira Chicago, Ill., U.S. A. 











Please Mention the PHYSICAL REVIEW when Writing to Advertisers. 











































PHYSICAL REVIEW 


PREPARATION OF PRELIMINARY ABSTRACTS 


An article will not be accepted for publication in THE PuHysicaL REVIEW unless the 
manuscript is accompanied by an adequate abstract for publication at the beginning 
of the article. This abstract is intended to aid the reader by furnishing an index and 
brief summary of the contents of the article, and should also be suitable for reprinting 
in an abstract journal. As an index it should be complete; mew information, 
especially results not related to the main subject of the paper, should all be described 
with sufficient accuracy so that any reader can tell whether the article contains any- 
thing of interest to him. As a summary, the abstract should give the conclusions and 
all numerical results of general interest, including all that might be looked for in a 
handbook and table of constants, with an indication of their accuracy. It should 
give all the information that most readers who are not specialists in the particular 
field involved, have time to acquire about the article, so that after reading it in an 
abstract journal they will not need to look up the original article. Authors should 
remember that it is easier for the editor to condense than to amplify an abstract, and 
should include too many rather than too few details. Experience has shown that as 
a rule the length should be from four to eight per cent of the length of the article. 


The form of the abstract which has been used for the past three years in the REVIEW 
is the analytic abstract developed by the National Research Council. While we hope 
authors will try to put their abstracts in this form, which is not at all difficult, we 
will accept abstracts in the ordinary form, if they are otherwise adequate, and will 
make what changes are needed in this office. 


In the preparation of analytic abstracts, the best procedure is as follows: 


1. Notes —Read the article carefully, analyzing the information contained and tak- 
ing notes covering all the new information reported. 


2. Subtitles—Write, first, a title describing the group of results forming the main 
contribution of the article, including all that belong together. If there are in addition 
results which do not come under that title, gather them into as few groups as possible 
and formulate a complete and precise title for each group. For examples of such subtitles 
see the italicized parts of the abstracts in current numbers of the Review. The 
subtitles should together form a complete index of the new information. They should 
be formulated before the text is written. 


3. Text.—Write a paragraph adequately summarizing the main group of results and 
including the corresponding subtitles, and then do likewise for the other groups. 
A separate paragraph should be used for each distinct subject involved, but all 
material which can easily be grouped together under a single title should be sum- 
marized in the same paragraph. Parts of subtitles may be scattered through the 
text, but the subject of each paragraph must be given at the beginning. Italicize 
subtitles but no other words or phrases. 


4. Final Checking.—Re-read the article so as to check the abstract, and correct any 
omissions and mistakes; read the subtitles by themselves to see that they properly 
index the information; and read the abstract to see whether it cannot be condensed 
and its English be improved. The abstract should be made as readable as the 
necessary brevity will permit. 
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TYPE 213 


1000 Cycle 
Oscillator 





A 1000 cycle alternating current supply source for bridge and similar measure- 
ment work. Its wave form is remarkably free from harmonics, a very important 
feature for most alternating current bridge work. 

Provision is made for output voltages of 0.5, 1.5, and 5 with corresponding 
currents of 100, 40 and 12 milliamperes respectively. It will operate successfully 
with input voltages from 4 to 8. 

Particularly adapted for college laboratories where continuous operation without 
attention or adjustment is desired, 


Circuit Diagram and Complete Description in Bulletin 706P 
PRICE, $32.00 


GENERAL RADIO CO. 


Manufacturers of Electrical and Radio Laboratory Apparatus 
MASSACHUSETTS AVENUE and WINDSOR STREET 


CAMBRIDGE 39 MASSACHUSETTS 
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SCHOOL SPECTROMETER 
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Table Spectrometer with 5-inch ciicle in half-degrees and two verniers reading 
to I minute. Both collimator and telescope have rack and pinion. 


JOHN J. GRIFFIN & SONS 


Makers of Physical, Electrical & Scientific Instruments 
KEMBLE ST. KINGSWAY LONDON, W. C. 











NEW SERIES OF 
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Reflecting 
Galvanometers 


Of the moving coil type, these instru- 
ments are deadbeat, of high sensitivity and 
great mechanical strength. The suspension 
is particularly strong and the galvanometer 
unit readily removable from its case for in- 
spection, 


a Eg ROP eM ogre eg 


Descriptive pamphlet sent on request 


List No. Resistance Period Def. per Price 
Micro Amp. 


7925 I20hms. 4secs.§ 40mm. £3.10.0 
7926 50ohms. 4secs. 120mm. £3.10.0 
7927 1ooohms. 6secs. 250mm. £3.10.0 
Ballistic 300 mm. per £3.15.0 
7929 850 ohms. 45€CS* “micro coil. 








Delivery ex stock 


—_— Duty, if any, payable by Purchaser 
List No. 7925—9 (%% full size) 


W. G. PYE & CO. CAMBRIDGE, ENG. 
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KEEP IN TOUCH 


with our latest products by writing us to put 
you on our mailing list “Physical ” (and if you 


wish “Chemical” and “Engineering ”’ as well). 


ADAM HILGER LIMITED 
75a CAMDEN ROAD 


LONDON, N.W.1. 
ENGLAND. 


























High Vacuum Pumps 


Whenever in lecture-room or laboratory practice, really high 
vacuum is required, we recommend the Condensation Pump devel- 
oped by Dr. Irving Langmuir of the General Electric Company— 
believing it to be superior to any other as yet obtainable, 

The Langmuir Pump operates with surprising rapidity, and there 
seems to be no practical limit to the degree of exhaustion that can 
be produced, 

Some form of auxiliary pump must be used; and for that 

purpose we offer a special G. E, two-stage oil-sealed 
mechanical pump, which is capable of producing a vacuum 
of 0.001 mm. when used alone. 
The picture shows a complete outfit comprising Langmuir 
Condensation Pump, 
two-stage auxiliary 
pumpand ¥% H. P. motor 
—all mounted together 
on one base. 















Write for descriptive 
bulletin P965 





James G. Biddle 


1212-13 Arch Street 
Philadelphia 
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Get a copy of the Cross Sec- 
tion Paper Sample book 


| 
) 
t 
| 
: 
; 
. 


That should be convincing enough for one 
order. The sample book shows the actual 
paper and ink used. After the first order 
we expect that the service and quality will 


bring re-orders. 


CORNELL CO-OPERATIVE SOCIETY 
MORRILL HALL ITHACA, N. Y. 











— 
Peer Fn) 


TRY OUR SERVICE 


When in need of printing plates mail your drawings 
to us with instructions and give us a tnal. 


We have had excellent training in the reproduction of 
technical subjects of all kinds, and are producing some 
excellent results from microscopic photographs ; subjects 
in which all detail must be shown. 


You will be delighted with the quality of our work 


and our prompt delivery. 


On (FA SPP ES OE TE SEBS... 


ITHACA ENGRAVING CO. 


FIRST NATIONAL BANK BLDG. ITHACA,NY. 
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Edison 


On being shown recently some of thelatest applications 
of scientific research in the laboratories of the General 
Electric Company even Thomas A. Edison is said to 
have exclaimed in surprise: ‘‘What next?”’’ 


Repeated object lessons have demonstrated that 
nearly all progress in science has resulted in important 
advances in industry. From the research laboratories 
of the General Electric Company have come many 
of the scientific developments that have made America 
a leader in industrial progress. 


The contributions of G-E scientists and engineers to 
industrial development in the future will be as 
numerous and valuable as in the past. 


General@Electric 
Seas Company wigas ~ 
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A New Instrument— 


STEBBINS 
STRING 
ELEC- 
TROMETER 


This electrometer is made 
with the highest accuracy 
throughout. Adjustments 
are complete in every direc- 
tion. It was designed and is 
built for those who demand 
the utmost in such an instru- 





ment. 


It has the following outstanding 
features : 


1. Extremely small temperature 
coefficient. 


2. Ease of operation and accuracy 
of all adjustments. 


3. High sensitivity. 
4. Small capacity. 

5. Short period. 
6 


Ease of shielding against ex- 
ternal e. m. f’s. 


7. Practically air-tight case. 


COMPLETE DESCRIPTION 
ON REQUEST 





Other Pyrolectric Electrometers : 


COMPTON QUADRANT ELEC- 
TROMETER; TYPE B QUAD- 
RANT ELECTROMETER; TYPE 
B STRING ELECTROMETER. 





Stebbins String Electrometer with 
front plate removed. The fibre is 
supported in a system of quartz 
and brass. 


PYROLECTRIC INSTRUMENT CO. 
ELECTRICAL PRECISION INSTRUMENTS 
636-640 East State Street TRENTON, N. J. 
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MORSE TWIST DRILL New Bedford 
& MACHINE COMPANY Mass. 
Makers of Twist Drills, Reamers, Cutters, Etc. 
TOOLS THAT PROVE THEIR WORTH. 











A large laboratory handling many development problems 
along the lines of physical and electrical measurement, needs a 
man for model work. The Laboratory is part of a large indus- 
trial organization manufacturing many lines of apparatus. A 
man who is more than a mechanic is wanted. He should have 
the ability to design and make working models from bare ideas. 
It is expected that he will act as a mechanical assistant to the 
engineer in charge of the Laboratory. Unusually good opportu- 
nities for advancement within the organization will arise for a 
man who is worthy for advancement. Address Box WL. THE 
PHYSICAL REVIEW, Corning, New York. 

















FINE WIRE 


LESS THAN .o007’’ DIAMETER 


We are prepared to supply wire of the follow- 
ing metals and alloys drawn to very fine sizes. 


PLATINUM SILVER 
PALLADIUM COPPER 
GOLD ALUMINUM 
90% Platinum — 10% Rhodium 
60% Gold — 40% Palladium 


Made by the cored-wire (Wollaston) process— 
in jackets removable without damage to core. 


FULL DIRECTIONS SENT WITH WIRE. 


BAKER & CO.INC., NEWARK, N.J. 
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Research 
Laboratories 

of the 
American 
Telephone and 
Telegraph 
Company 

and the 
Western Electric 
Company 
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Engineering Department, 
Western Electric Company, 
463 West St., New York 


3,500 Employees 
400,000 square feet of floor space 


HESE laboratories lead the world in their record for achievement in the 
development of the art of electrical communication. They are the 
largest industrial laboratories ever devoted to the application of science to 
human affairs. Not only has no effort been spared to develop wire trans- 
mission, but also the most careful examination has been made of every other 
means of transmitting the human voice, especially by the radio or wireless 
telephone. 


The studies, researches and developments of these laboratories embrace 
the whole electrical field and such arts and sciences as can be applied directly 
or indirectly to the electrical transmission of intelligence. 


The Engineering Department of the Western Electric Company has 
representatives stationed in many countries and with the cooperation of the 
merican Telephone and Telegraph Company in the United States, it is 
engaged in the solution of problems in which the whole civilized world is 
vitally interested. 


In the United States the Western Electric Company is the chief manu- 
facturer of the telephone equipment used by the compan ies of the Bell System 
and its products are distributed throughout the world by the International 
Western Electric Company and its allied and associated companies. 


Western Electric Company 


ORPORA 
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The Council of the Society consists of the president, vice-president, secretary, treasurer, manag- 
tng editor, all living past presidents and eight elected members. 
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F 1287 
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With This Instrument the Following Determinations Can. be Accurately Made” 
1. Angular Acceleration e, 


2. Moment of Inertia 
3. Angular Velocity 
4. Rotational Kinetic Energy 


F1287. ROTATIONAL INERTIA APPARATUS, Complete: ©. 2 < $125.00 


For Complete Description and Experiment References 
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